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FOREWORD 


Bv toft Bo^rut A. IUdpikld, Bt., F.K.S., Etc. 

The study of iron and it s alloys is, for nan y masons, 
of groat interest # and importance', one of Uiom 
beiiifc on the score of economy. It- may seem strange' 
that an alloy steel, altliou^i dearer in lii&t cost, is 
generally cheaper in t Ju> e'nd tlqfn ordinary ste<d. 
Moreover, quite* recently one of our well-known* 
geologists, Professor .T. \V. Gregory, F^lt.S., stated 
that if the tot&l yearly; consumption of iron and steel 
went on increasing in the same rafio as was the case 
up to the time of the outbreak of war, then the world's 
supply of iron ores would probably he exhausted in 
the comparatively" short period of about 1110 to l5() 
year*. It is true that this doe* not immediately 
concern the present generation, but. if the statement 
is correct — and the subject lias been carefully cc*i- 
sidered — the time within which iron ores will become 
exhausted is jnuch tt>o near to regarded as pleasant. 
Besides, too, we of to-day are to some extent stewards 
for the future. 

I’he urgency of economy in the case of iron, for 
example, by studying methods #to avoid loss by 
corrosion or rusting is illustrated by tiic accompanying 
^diagram (Fig. A), which I haw had prepared showing 
the world’s annual production of pig iroi^from 1800 
to 1922, together with the yearly wastage of iron 
and steel d,ue to corrosion. It will be seen that the 
ampunt of iron and steel gping out of use in 1921 was 
almostjas. great as the quantity of pig iron estimated 
vii 
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to have Dc»en*made in that year. Whilst much of 
this is recoverable as scrap, Hie various forms of 
oxidation involve a very large complete loss each year. 
. In this connection, special steels are of particular 
importance, because by their aid the consumption 



Fig. A. — Dia&ram Showing' the World’s Production oi 
Pro Iron from I860 to 1922, and the Annual Wastage os 
Iron and Steel Rendered Unserviceable by the Effects 
of Corrosion. 

of the metal iron is reduced in quantity. For ex- 
ample, one, ton of my manganese steel will do the 
work of aboutoen tins of ordinary iron or steel, owing 
to its increased durability and other qualities. In the 
same way, as regards my invention of low hystei^sis 
steel, a ton of this steel is worth many .titles the 
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Weight of steel formerly used for similar electrical 
purposes. Jn fact, but for this important improve- 
ment, it would to-day be impossible to construct 
transformers, d ynaruos, and other electrical macliincry 
and^ipparatus of the present eificient types. Moreover, 
'man^qf the new special steels have resulted largely 
from the tacts obtained* by my discovery and inven- 
tion of manganese steel in 1882. Tim? led to human 
activities at once being turned towards and focused 
upon this fascinating field of research. 

As quit e recently stated by one of America's well- 
known metallurgists, JJ^r. 11. 1), Hibbard : “ Thp 
discovery, as tbe result of systematic research, of ft 
metal having such unique properties asjbhe Hadfield 
manganese; stf-el, started other steel-makers to see 
whether additional useful alloys <x>uld not be found. 
As a result of these activities, which eventually 
extended throughout tlvc civilized world, many alloy 
steels have been developed of the highest importance, 
tlius. advancing materially the useful arts, an£ par- 
ticularly the conquest of distance on land, in the air, 
and under the sea.” » 

In 1888, the late® Professor Floris Esmond, the 
well-known JYenclf metallurgist, expressed a still 
stronger opinion when lie stated : “ The Hadfield 
discovery and invention of manganese steel was 
not' only the discovery of a new alloy, curious, of 
great scientific value, and yet uaefqj, but in the history 
of the metallurgy of iron it yanked as a discovery 
t equal in importance to that o&the effect of quenching 
carbon steel, and was th5 only one of the |ame order 
which it tad been reserved for Jrur age to make." 
Dr. J. E. $tead, F.R.S., also said Hadfield hacl 
surprised the whole metallurgical world with the 
results (.obtained. The material produced was one 
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of tlie most gmrvellous ever brought before the 
public.” 

The results of my early researches necessitated 
and led to the development of important new labora- 
tory methods and practice, increased interest^ in 
metallography, accurate determination of higji tem- 
peratures by pyrometers, better means of nfechanical’ 
testing, and ottier advances. 

I have given the writer of tins primer percussion 
to draw freely upon the tf acts set forth in the many 
papers, addresses, and other contributions I have 
bitten in connection with dlloy steels and kindred 
•ubjects. A table of them is shown in Appendix II, 
and includes^ very complete correlated studies upon 
alloys of iron with manganeses silicon, aluminium, 
chromium, nickel* dtungsten, cobalt, molybdenum, 
copper, titanium, and other elements. 

The most important of all elements in its effect upon 
irbn is carbon, whether in a simple carbon steel or 
in alloy steels ; intfact, I consider that carbon qjbeel, 
although technically a compound of a metal'witli a 
noei-metallic element, can also be considered an alloy 
— the most important iron alloV extant. All steels 
are really alloy*steels.% JThe addition of ojher elements 
as well as carbon, makes them of binary, ternary, 
quaternary, *or even more Complex types. 

The researches and studies I haye carried out 
can correctly be fanned “ correlated ” ones. The 
importance of this method of study has been strongly 
emphasized by my friend, Professor J. 0. Arnold, 
P.E.S, Ii^ practically all* of my researches the 
examination has covered and described methods of 
manufacture'; chemical composition and analysis ; 
preparations of the material as cast, also as noQed, 
forged, hammered, or pressed ; heat treatment 5 
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mechanical qualities, including elasticity, tenacity, 
elongation, shock qualities ; hardness tests ; micro- 
structure ; electrical and magnetic qualities, including 
permeability and resistance ; heat conductivity;, 
resist vice to corrosion and erosion ; also other 
qualities. To understand a new steel alloy tho- 
roughly, c it is necessary to obtain practically all 
this information. It will be seen, therefore, how 
necessary it is to call in the aid of scientists of d iff 2 rent 
branches of knowledge, including those representing 
geology, chemistry, physics., engineering, electricity, 
and other branches. v 

The quality of literature of a branch of science* 
indicates its importance and position. 

The chief Writers on metallurgy in ttie past, that 
is between 1540 and 1880, do not appear to have 
been more than about tliirly in number, including 
Agricola, Pettus, Reaumur, Cronstedt, Berzelius, 
Faraday, Mushet,' Percy, and Ledebur. It will be 
seeq,, therefore, that metallurgical literature up to as 
late as 1880 was meagre indeed, and beyond a few 
books by the authors in question is of little service ; 
in fact, one might Say almost useless in connection 
with the science of ferrous metallurgy? of to-day. 

Metallurgy since about the date mentioned, that 
is 1880 and onwards, has become possessed of a wide 
radge of scientific literature ; scores of books deal 
with ferrous and non-ferrous branches respectively, 
all helping on our knowledge. Only quite recently 
this branch of science was almost regarded as an 
empirical one, whereas tb-day metallurgy occupies an 
honourable position and possesses its own faculty 
in our universities and other educational centres.' 

JPhe British Iron and Steel Institute, which was 
founded In 1869, has had a remarkable influence 
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upon tho progress of ferrous metallurgy. Its long 
list of illustrious presidents, including its founder, 
the late Duke of Devonshire, Bessemer, Bell, Siemens, 
Percy, Abel, Martin, Roberts- Austen, Carnegie, 
Greiner, Schneider, Stead, Lord Invcmaim* -and 
others, bears witness to this, as also does its 104 
volumes and 73,000 pages, In addition to the 11 
volumes, 4,50k 1 ) pages, of Carnegie Scholarships 
Memoirs. r- * 

Its secretaries, the late Messrs. J. S. Jeans *ind 
Bennett It. Bio ugh, and now Mr. G. 0. Lloyd, have 
ably played their <j)art in the development of this 
vosmopolitan Institute, which has a large section of 
foreign members, comprising leading American, 
French, Belgian, Italian, Swedish, Japanese, Russian 
and Spanish metallurgists. 

At the time 1 invented manganese steel, in 1882, 
tho membei*ship of the Iron and Steel Institute, 
founded in 1809, was only 1,213 ; to-day it has nearly 
doubled, namely, '£,228 members. An interesting 
feature of the policy adopted by the Council of the 
Iron and Steel Institute is that it was decided, in 
1910, to accept candidates for election as Associates. 
Persons not exceeding ,24 years bf age, are eligible 
if they possess the following qualifications — Students 
of metallurgy taking courses at a University College 
or Technical School, pupils who are apprentices of 
metallurgists or engineers, or in metallurgical or 
engineering works, anc^. persons employed in some 
practical or scientific capacity in metallurgical or 
engineering works. The subscription is exceedingly 
moderate — only one guinea per annum and no 
entrance fees— a considerably less sum than most 
of even the small engineering societies charge far 
membership. The Associateship enables individuals 
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nterested in metallurgy to obtain at once the whole 
benefits of the Institute with the exception of voting 
papers, i.e. an Associate has the right to attend all 
meetings and receive all notices and publications. 

Iij addition to the Iron, and Steel Institute, the 
Faraday Society, largely founded to help the younger 
men in out* midst , and ai which lord Kelvin was the 
Srst President, has dealt with the more abstruse 
problems of metallurgy. I became President oLthis 
Society about nine inodths bqforejthc outbreak of war, 
and it was natural' that, as a metallurgist, ! should 
have turned the ‘energies of the Syeiety largely int^o 
the channel of scientific bietallurgy. I was asked to 
continue in office for seven years, that is until the 
end of' 1920, und during that, term no less than 
seventeen symposia were held, and about two hundred 
papers were read, the majority of them relating to 
metallurgical subjects. The many students of 
metallurgy who will probably read this book may 
Ibsirc reference to these important discussions. 
A table showing the subjects of each symposium is 
therefore set out in Appendix III, including theyse 
between the years 1907 and 1914. 4 

Many other new ©institutes agid societies at home 
and abroad have been formed in tliis particular field 
of activity, such as the American Irori and Steel 
Institute, the British and American Institutes of 
Mining and Metallurgy, with ( probably ,12,000 
members, the British jand American Institutes of 
Metals, and other Anglo-Saxyn bodies dealing with 
metallurgy, to say nothing of scores of smaller 
societies here, both in London and the 0 provinces, 
also in France, Belgium, Italy, Sweden, German^, 
Austria, Russia, and elsewhere. There are, therefore, 
to-aay tens of thousands of members of the profession 
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in different parts of the world devoting constant 
attention to the advancement of scientific and prac- 
tical metallurgy. Most of this has been accomplished 
in the relatively short period of fifty years. 

The future march of civilization depends largely 
upon the scientific understanding, handling, and 
control of the qualities of the great and" wonderful 
metal Iron, c It can justly be claimed that iron 
is pre-eminent amongst' the metals as regards, its 
thousand and one t applications. Take away .iron, 
and it must be admitted that we should quickly 
go back to the da$t ages, unless some great discovery 
of the future should render us independent of this 
remarkable metal. 

The present primer seems to me to represent a 
useful attempt t6 r bring the "large subject " of steel 
alloys into a comparatively small compass. The 
book is founded largely on my various research work, 
discoveries, and inventions, including those relating 
to manganese sttel, low hysteresis steel, and the 
investigation of many other important special steels, 
ac described fully in my papers and addresses, a 
full list of which to date is given in Appendix II. 
This will explain wt y. my name- has bfen somewhat 
frequently quoted therein. 

It is hopfed that the primer will bo of considerable 
service to those who wish to make a t rapid survey of 
this most important subject, “ Special Steels,” 
representing a branch of metallurgical science which 
has done so much to w help on the world’s progress 
during tlw last twenty-five <or thirty years. 

ROBERT A. HADFIEED, 



AUTHOR’S PREFACE 

* 

The literature of special steels is rich in meritorious 
treatises generally dealing with some particular 
branch of the subject. We are indebted to Sir 
HoBcrff 1 1 ad field* for the fitst great development of 
special* stpe]| and mnjiy other contributions to 
metallurgy. Much information, both the scientific 
an<^ technical side of metallurgy, including special 
stee^ffUoys, is also to be found in the transactions 
of the Iron and Steel Institute and also othe£ societies 
in this country and abroad , a* well as in scientific and 
technical journals devotJH to the industry. • 

From neither of these sources, *however, can the 
student, operator, or user of special steels obtain a 
concise technical survey of the nature and scope of 
this important branch of metallurgical science. The 
present volume is intended briefly to review current 
"knowledge and practice in this domain, and, it is 
hoped, stimulate the reader to further study of this 
fascinating subject. 

The task of planning within the confines of this 
small work even a synopsis of the domain of spccifkl 
steels was no easy # one, and many interesting and 
•important references have had" to be omitted. Atten- 
tion has bpen given, however, to steals recently 
developed, so that the review may be as far as 
practicable up *to date, and it is hoped that the 
consideration given to, workingf heat treatment, 
and applications of special steels will be of service 
to. users of such steels, 

THOS. H. BURNHAM. 

A complete .list of bis various Papers is gi\;en m Appendix if, 
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CHAPTER I 

_ IMPORTANCE OF IRON A^D SPECIAL STEELS 

WiiAst iron has Jjeen knowfii to man from an early 
stage in his history it is probable tliat onfy during 
the last 1,500 to 2,000 ^ears, lias the human race 
adapted this metal to its scrvicfc. Man may be" 
designate^ an „ iron -need in g creature, ajid it seems 
more thpn coincidence, tliat so indispensable a metal 
should be so abundant in tlyj eafrth. Whether iron 
was first hammered into spear heads by Tubal Cain 
or first melted on Mount Ida by a forest fire is merely 
imaginative speculation, but the beginnings of the 
metallurgy of iron and the quaint primitive processes 
employed are of unusual interest. It is certain that the 
extraction of the coveted metal was not^asy whether 
performed in tiny charcoal-heated crucibles or in 
holes in the sides of*hills facing^he prevailing winds, 
with chimneys bored from the top to create a natural 
draught. These processes were ifi use before the 
beginning of the real iron era, which may be said 
to* have been inaugurated in Belgium about 1340 
when, by the use of coal in preference to charcoal, 
hitherto unheard of weights oi iron were produced. 

Iron aryd its alloys excel all other mefcals in the 
variety of their properties ; their strength, their 
magnetic qualities, and their capacity for hardening. 
As §n example of tenacity, this varies from about 
18 ton% to 160. or even 200 tons per sqdare inch 
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in certain cases. Tliis immense range in properties 
is brought out in part by mechanical and thermal 
treatment, and in pari by variation in the pro- 
portions of other elements wliich iron contains 
naturally or by intentional addition. Iroii is never 
found in the pure state, and always absorbs carbon 
froili the fuel^ used in extracting it ffom its ores. 
Carbon has a greater effect than any other element 
on «lron. Iron -cai^on alloys # containing less- than 
about 1‘5% of carbon ail* known as “ simple stedfc.” 

• 

« Definition of “ Special Steels.” The term “ special 
steels ” is often used broadly to designate any steels 
intended foj purposes other than tfyose served by 
the general product, but is hei^ taken as synonymous 
with “ alloy steels,” j.e. steels which owe their 
properties chiefly to the presence of an alloying 
element other than carbon. Alloy steels may or 
may not ^contain carbon, and they vary enormously 
in thqjr properties* They do not include those steels 
to which a small percentage of an element is added 
te produce a^slight improvement in ordinary carbon 
steel as, for ^example, when a small amount of 
manganese is added top remove oxygen and neutralize 
the effect o| sulphui , or of silicon to get rid of blow- 
holes in steel. In the space at our disposal it is only 
possible to deal, in any degree of detail, with those 
alloy steels which* have gained and maintained for 
themselves a plafce in ^urrent use. 

Modernity of Special or Allby Steele. In considering 
tjhe development t>f special or alloy steels we need, 
not go far into ^ntiquity. Considering the important 
rdle they play in twentieth-century metallurgy, it is 
surprising to And that alloy steels were practically 
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unknown about fifty years ago. As Mi-. Henry D. 
Hibbard in the Research Narrative No. 35 (1922) 
of the Engineering Foundation, New York, states, 
TIadfield’s discovery- of manganese steel as a result 
of .research practically started the study of alloy 
steels. Before him, the Mushets, father and son, 
had indeed forked out "empirically a self -hardening 
steel for metal-cutting too^s, but tins application 
ga\*e a) such impetus research yi the field of useful 
f cm Jits metals. • 

It may therefore safely belaid that prior *to about 
1805 iron metallurgy wa# confined* practically to the 
combinations of iron and carbon. It? should be recalled 
that down to Jhe time of Huntsman’s jnvention of 
crucible # steel about J740, homogeneous steel had 
not been fused or cast, ^nicmg the important 
establishments that were started in Sheffield as the 
result of this wonderful advance was the old works 
of Sanderson Brothers. It was at these wyrk.s that 
experiments were made in 1822, %t the instigation 
of Michael Faraday, on the effect of metallic additions 
to cast steel. He was desirous of obtaining better 
cutting tools and non-corrodible metal^for reflectors. 
Faraday made nickfil steel and^ound that the 3 % 
alloy could be worked satisfactorily. Heathen tried 
a number of rare elements including gold, silver, 
rhodium and, ouriously enough, chiomium, but we 
had. to wait ninety years for a rustless chromium 
fteel which would take a cutting edge. In spite of 
Faraday’s work, alloy steel received little attention 
for many .years, and it may be said that* when Sir 
Robert Hadfleld began his researches ftn the effect 
of other metals on the mechanical pr<^>erties of iron, 
the ^netallurgy of alloy steel was practically an 
“ unkne^vn sea.” The discovery of manganese steel 
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by Hadfield, in 1882, demonstrated — by its remark- 
able and in a way subversive pretyerties — that nothing 
can be taken for granted as to the properties of an 
alloy of iron with other elements. He quickly 
followed up this research by investigations of nickel 
steel, chromium steel, tungsten steel, silicon steel, 
aluminium steel and other* combinations, and the 
many distinctions and inwards Hadfield has received 
show that the various scientific and technical seeidties 
of the world have generally recognized the value of 
the discoveries emanating from this work. 

# It does not seeijp. out of place here, in reference to 

research work on «iron alloys, to quote an important 
statement by that well-known .French scientist, 
the late Professor Osmond, for whom deservedly, 
the metallurgicat • world had very high * respect. 
Referring to the Hadfield Research on “ Alloys of 
lyon and Tungsten,” Osmond remarked that “ the 
papers formed a continuation of the series of former 
memyirs conceived and carried out in the same spirit. 
It would therefore appear reasonable to review the 
general results, which, directly or indirectly, were 
becoming more and more apparent, of these successive 
monographs by Haftfield.* • • 

“ In the first place, a mass of new ideas had been 
gained upon facts little known in the history of 
metallurgy, Hadfield being in a high, degree imbued 
with sespeet for bis predecessors, and with a sense 
of appreciation erf theinlabours. The historic portion, 
which demanded patient and exhaustive research 
among th^ archives of tBe past, was not always 

• * A full list’of Sir Robert Hadfield’s papers will be found' 
in Appendix II. Although many of the papejp on alloys of 
iron with other elements were read before 1900 , the facts set 
forth appear to be as oorrect to-day as when they wer# first 
pu s 
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appraised at its true value. Nevertheless, a research 
of this nature had, independently of its moral bearing, 
a practical value in sparing the investigator the 
trouble of recommencing work already done and from 
attempting what had been found useless. It also 
serVed to bring to the minds of present workers that 
they were the actual *agents of an uninterrupted 
evolution, and there were few men whtfhad exercised 
an •influence ui>on t he progress of this evolution 
comparable to that which had been brought to bear 
by lladfleld. * # • 

“ The series of his alkfps liad begn prepared with g. 
degree of technical skill which upset many falsely 
conceived ideas, resulting from imperfect preparation 
or from ftiulty manipulation. His melhod was a 
truly scfentific one, by means of.tfhich all the inde- 
pendent variables which could be disposed of were 
eliminated. With the materials for investigation 
thus prepared, which for a long time had been un- 
rivalled in purity, the results obtained were at once 
clear, coherent, and definite. Moreover, Hadfield 
had not used this wealth of material merely for his 
own personal advantage, but with *never-f ailing 
generosity, of.which the writer had many times availed 
himself, he had placed it at the disposal of those 
investigators who were desirous o£ subjecting it to 
their methods and of using it for their researches. 
Farther, the useful results rapidly gqpe on 
increasing, and from the accumulation of these the 
general laws had been evolved Jvhich formed the main 
object of all research. One fact, foreshadowed by 
Hadfield from the beginning, waa clearly evident, 
namely, that all the useful foreign s instances added 
to iron had! the effect of essentially* modifying the 
iron itself and thev migh t be substituted for one 
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another, in equivalent proportions, not, it is true, 
without modifying to some extent the secondary 
properties, but without altering abruptly the essential 
characteristics of the type ; that was to say, and this 
was the chief point, that there were metallurgical 
equivalents for substances which, though widely 
di fibrin g numerically from the chemicaf equivalents, 
were nevertheless qualitatively analogous. 

“•The three principal modifiers of iron wer* hard- 
ening carbon , mangpuesd, and nickel. Their metallur- 
gical equivalents were the respective proportions of 
them which would lower *y the same amount the 
points of transformation upon the scale of tempera- 
tures. GuiJJet, who was at work t<\ determine the 
numerical value of these equivalents wftl^ greater 
precision than had* ye^ been attempted, had found 
that 1*65 parts of hardening carbon, or more exactly 
1*65 parts of total carbon containing the maximum 
amount pf hardening carbon was equivalent to 12 
parts^of manganeie and to 29 of nickel. Chromium 
and tungsten, and probably also molybdenum and 
vanadium (tjie writer had, however, only few papers 
relating to thg two latter) were not direct modifiers, 
but had as their objd&Hhe maintlnance«of the carbon 
in the state of hardening carbon under the conditions 
of thermal treatment in which the carbon alone would 
separate into the state of free carbide with little 
activity. Their rtflex action upon the carbon was 
itself governed by a Iftw of equivalence. 

“ Now according as* with a given addition of one 
or several bodies, and under fixed conditions # of heating 
$nd cooling,* the 'transformations were maintained 
above 400° fc. ^approximately, or were .lowered so 
as to occur between 400° 0. and the ordinary tem- 
perature,* or were 'pushed down to a point below the 
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ordinary temperature, there would be produced 
three essential types* of iron, not taking account of 
the int ermediary types which connect them. These 
three types would correspond respectively to the 
corjiplote transformations, to the incomplete trans- 
formations, and to no transformations at all. The 
first type is $oft iron. 

“The second corresponds Jbo hard quenched steel, 
and it* kindred substances. 

“ •he third corresponds to ijpn -magnetic steels, 
which are subject to deformation and at fhe same 
time are very difficult tifcwork. 

“ The two first had been familiar since the dawn 
of time, the J-hird was due to the discoveries of 
Hadflcl<l. * 

“ (Considered from this point ofr view the discovery 
of manganese steel by Uadfield no longer appeared 
merely as a discovery of a new alloy, curious and 
yet useful, but it' ranked as a discovery equal in 
importance only to that of the effect of quenching, 
in the history of the metallurgy of iron, the only one 
of the same order which it had been reserved for 
our age to make.” 

Many other metallurgists 'subsequently entered 
this important field of investigation, and there 
followed Wonderful advances in steel alloys which 
have brought about a series of revolutions in various 
industrial fields. Probably automobile construction 
has done more than anything else* to increase the 
use of alloy steels ; its demands being so drastic that 
the only jnaterials suitable are the best obtainable. 
The development of alloy steels * was* also greatly- 
stimulated . by the demands for social steels for 
wa$ purposes and in connection with the aircraft 
industry. 
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Role of Special Steels. As Dr. Aitchison has said, 
almost all that the engineer builds is dependent on 
steel. It has been found , however, that the strength- 
ening of ordinary or carbon steel by hardening and 
tempering is not sufficient for many purposes.* Such 
carbon steely as are useful for # st ructural or machinery 
purfjoscs ordinarily do not possess sufSciently high 
tensile strength or reaswnably high impact test or 
notched bar value.# On the other hand, owing \o the 
advance # in knowledge # of the last twenty $>ars, 
these values can be grdatly, improved by means of 
heat-treatment. Ih addition, the effect of mass 
'in hardening carbon steel is a drawback, the hard- 
ening not staking through the section* If. however, 
the steel is alloyed or fortified with other# metals, 
a considerably greater range of mechanical properties 
or combination of properties is available It is 
due to this ability to cut down weight and retain 
strength, increase strength with no sacrifice in duc- 
tility, •increase harness, increase resistance to shock 
or fatigue, or obtain or accentuate some other 
prtiperty — magnetic, electrical^ anti-corrosive or 
cutting efficiency — that there is so much special or 
alloy steel in use at t8£ present time. * 

It has bqpn stated that, we are passing from the 
steel age to the alloy steel age, and it will be seen 
there is considerable foundation for this assertion. 

Almdst all kno\fn elements from aluminium to 
zirconium, have Been introduced into steel in varying 
quantities and combinations, and in many cases 
imparting special qualities. • 

• A few of tJie applications to which these special 
steels have bee* put may be mentioned briefly as an 
indication of the scope in which they have replaced 
the simpler steel — 
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Nickel sled (Chapter JJI) for structural and con- 
structional purposes. * 

Chromium steel (Chapter IV) for constructional 
work and mining equipment, such as crusher plates 
# and. bails and stamp shoes? A recent development 
is the manufacture, of rustless high-chromium steel, 
which has als<? excellent resist ance to scaling. Rustless 
steels are used for piston ro^s in mine pumps and 
for bridge work. 

SiBron steel (( -h^pter V) Mr lc*v hysteresis sheet s 
and springs, also for acid -resisting containers. 

Manganese steel (Chapter VI )• for points and, 
crossings, rails, crusher and dredgftr parts, etc. 

Tungsten* steel (Chapter VII) for high ^peed tools, 
magnets, etc. # 

Nickel chromium steel (Chapter IX) for armour 
plate and projectiles, automobile parts, etc. 

Chromium vanadium steels (Chapter X) for springs, 
constructional work, and tools, and for locomotive 
forgings, # etc., where the burden lufk to be lightened 
to meet rail and bridge limitations. New heat- 
resisting steels are beitig developed for burner nozzles 
and automobile engine valves. # 

. The use o# specifil steel hd# proved economical 
in a long list of products from shovels to automobiles 
and parts of battleships. • 

T&e rapid growth of the industry is illustrated 
by the increase in the United States of alloy steel 
products from 181,980 tbns in ^.909 t*> 1,787,852 tons 
in 1918,* and although the u as of special steels fell 
oft during the recent period of depregsion, the 

* Of every 130 tons of steel made in the tfpited States in 
1909 only one ton was alloy steel, whilst in 19U1 one ton in every 
25 tons made was of alloy steel ; the amount of alloy steel made 
in tiro eleotrio furnace was 008 tons in 1910, compared with 
290,961 tnns in 19^. 
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consumption is again increasing as a result of the 
demands of the automobile And allied industries, 
and many new applications are being found as the 
result of study and research. 

As an illustration of* the application of • special 
steel to the automobile industry, reference may be 
made to Fig. 1 , representing a view tatJfen some time 
ago of a chassis assembly track at a well-known works 
(Harper, Son & Ijean at Tipton). There aie over 
700 different comppneifts in the chassis of thia car, 
including sixty made fit special steels. This illus- 
trates the wide scope of application of alloy steels, 
without which, the present day car, with its light 
weight, extreme reliability and durability, could not 
be produced. t # 

The more important^ parts of a motor-car may be 
considered subjected to three main groups of stresses. 

1. Alternating stresses which induce a liability 
to fail fatigue. 

2-^Blows or shocks tending to produce sudden 
fracture. 

• 3. Crushing and abrasive stresses. 

The great jange of mechanical properties which 
can be obtained witlhalloy steels^ubjected to suitable 
heat treatment, render those materials particularly 
suitable for a great variety of applications involved. 
The steel for each part of the car .must have the 
necessary qualifications for its particular work. For 
example, hardness ii^ gears, toughness and high 
elasticity in axles and* crankshafts. 

When considering alloy dteels, however, it must be 
borne in mind that composition is a means and not 
an end. In'otiier words, the special element is only 
added if the desired mechanical, magnetic or gther 
property cannot be obtained a cheaper way. 
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In eafcb chassis there are 70 components of alloy steel, in this case Aade by Messrs. Hadfield, of Sheffield. 
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In many cases also tlie present consumer of alloy 
steel has at his command more than one type of 
steel which is satisfactory as regards some particular 
property required, and he is then influenced in his 
choice by the relative economy of the alternative 
materials in the various manufacturing processes 
to which they are subjected. 

Achievement* of British Metallurgists. Metallurgy 
is a ^osmopolita.i science, and other nations have 
contributed very useful^and important work to its 
development., but it is interesting to note that the 
metallurgy of iron and steel has advanced to its 
present position mainly from “the fundamental 
discoveries of Jiritish metallurgists. To enumerate 
the names of only Dud Dudley, Huntsman, Cort, 
Ncilson, Bessemer, Musliot, Siemens, Sorby, Snelus, 
Whitworth, Bell, Thomas and Gilchrist will be 
sufficionf to indjc&te the truth of this statement <, It 
is important that the student should realise tliis, 
as he is apt to be misled in reading some pre-war 
publications in wliich the claifiis set forth for German 
contribution© have been greatly exaggerated. 

On the other hand, the important 'work done by 
the early Scandinavian metallurgists has not been 
sufficiently recognized. It must not be forgotten 
that Swedish scientists discovered the following 
elements — 

Barium ‘Molybdenum Tantalum 

Cerjum NickSl Thorium 

Chlorine Oxygen Tungsten 

Cobalt ^ Scandium Vanadium 

Didymium Selenium Ytterbiun^ 

Lithium Silicon Zirconium 



IMPORTANCE IRON AND SPECIAL STEELS VS 

Attention was drawn to this subject by Sir Robert 
Hadfield in a recent lecture* on the work of the 
metallurgical chemist, which lias been widely circu- 
lated and approved by the leading chemists of to-day. 
^n a chapter dealing wit h this subject, it is pointed out 
that although the Germans have played a very 
useful part ^n the development of ^metallurgical 
chemistry, a brief review of the work done by our 
own cttemists shows tfiat we have nothing to ffcar 
from comparison ; in fact?, it c is indicated that 
chemical supremacy rest* with the English-speaking 
people. In the same chapter two tables are given, 
recapitulating the most distinguished names in con- 
nection wiUi chemistry both pure and applied, and, 
although it is not possible to indicate the relative 
prominence of the individuals, an examination of 
the lists shows the preponderance of British workers. 
Indeed, the science abounds with names of English 
rattier tlum Teutonic investigators. It will generally 
be found that the Teuton was very diligent in apply- 
ing the fundamental iliscoveries of his neighbours, 
and this earned for him such a reputation that it* 
required a great war to disillusion the re^Jl of the world. 

, It seems to* be a national trait f)f ours to indulge in 
self -depreciation. This sometimes tends to decrease 
our confidence in ourselves, and leads to a belief in 
the superiority df German workers. Marshal Foch, 
when asked whether he found his ^academic studies 
to be of immediate service op the? field of battle 
replied, 44 No, not altogether, but they give me con- 
flddpce.” It is this confidence in life wlpch is so 
important and so essential — the acquired confidence, 
which comes .from knowledge. 

* S$e Appendix II, Section 17, Paper No. 132. Published 
by Messrs* Chas. Griffin & Co. * 
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Sir William Tilden pays tribute to the pioneer 
work done by Scandinavian metallurgists and in 
particular considers Berzelius to be one of the really 
great chemists of history. He points out, that- while 
it is scarcely possible to* estimate the relative positions 
of the nations by enumeration of names, another 
comparison may be made by reference the publica- 
tions in each country. Perusal of the Journal of 
the Chemical Society shows # a magnificent* record 
of British work dpne, Vhe qualit y of which whl bear 
comparison with that*, of jyiy recorded by Teutonic; 
journals. ' * 

Sir Edward Thorpe thinks that justice should be 
done, as it ^always is by British writers, ty the merits 
of Scandinavian chemists, not only in their discovery 
of chemical elemerfe-s, but also in the service they have 
rendered as regards theory. One of our leading 
public men, Lord Iiiddell, has recently stated that 
he considers it of considerable importance to bea^ in 
mind tlie achievements and positions of British 
metallurgists and chemists, particularly considering 
,the attacks made on our nation’s standing by people 
who should kyow bett er. 

In considering 'the contributions* of different 
countries to the progress of ferrous metallurgy, that 
of Italy* deserves mention. Professor Federico 
Giolitti has done excellent work with regard to alloy 
steels and the study of cementation ; also, concerning 
the heat treatment o^ steels for mechanical construc- 
tions and machine* « parts. The Iron and Steel 
Institute ^awarded him th£ Bessemer Gold Medal for 
1919 
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CONSTITUTION AND MANUFACTURE OF SPECIAL 

STEFLS 

• 

Constituents of Carbon Steel. In spite of all that 
has been written about iron And steel, many h^zy 
notion^ regarding theiA still insist. * A good deal of 
help, however, towards the understanding of alloy 
steels is afforded by constitutional. diagrams which 
illustrate the effect of the alloying, elements. The 
parent of these diagrams is the iron-carbon diagram, 
shown in Fig. 2. The constituents arenas stated 
briefly bfilow. It may* be added, tiiat the theory 
formerly held by some metallurgists of the existence 
of a hard or beta form of iron has now been aban- 
doned, newer facts Which have come to light having 
proved that it is not tenable. ^ • 

Ferrite -(Fig* 3*), is pure iron, soft, ductile And 
relatively weak, havjng practically no hardening 
power, and crystallizing, if growth were free, in the* 
cubic system. # # • 

'Austenite (l^gs. 4 and 8), named after Sir William 
Roberts- Austen, F.It.S,, is the solid solutionof carbon 
in y-iron, formed at high temperatures, i.e. above 
the critical range of steel, which may sometimes be 
obtained by quenching rabidly from su«jji temperatures. 
This constituent is not of constant composition, the 
carbon varying from a traee up to 2%. The reten- 
tion of austenite is assisted by the ^resenc^ of some 
alloying elements such as manganese, ^lickel, etc. 

* Figs. 3-8 are line drawings prepared from roiorophoto- 
grapha* to illustrate the characteristic structures^ of the 
constituent*. ‘ 

15 
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Martensite (Fig. 5), named after the German 
metallurgist, A. Martens, is the first stage in the 



Fig. 3.— Ferrite. , Fig. 4. — Austenite. 

Magnification 100 diameters. Manganese Steel, water-toughened 
Magnification 000 diameters. 



Fio. 6. — Martensite. * Fig. 6? — Peahxjte and 

Eutectold steel quenched. .•Cementite (White). 

Magnlflcation # 400 diameters. 1*3 carbon steel. 

Magnification 501 diameters. 

transformation of austenite in cooling through the' 
critical range, and differs from austenite only in 
structural aspect. Probably the solute particles are 
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in critical dispersion which may account for its 
extreme hardness. It is formed by rapid quenching, 
which is, however, not. sufficiently drastic to preserve 
austenite. It is usually acicular in structure. 

Cemmtile (Figs. 0 and 8) is the carbide* of iron 
corresponding to the formula Fe s O and consists oi 
0*d% of carbon and 03*4%* of iron. It? is very hard 
and brittle, and has little strength. It may occur 


Fig. 8. — Cementite (IJlack) 
Eutectoid steel. Magnification AND Austenite (White). 

750 diameters. Manganese steel as east. 

Magnification 600 diameters. 

admixed witli carbides of allaying elements such 
as Mn s 0. * 

Pearlite * (Fig. .7 ), so called from its characteristic 
appearance under the microscope, »is a mechanical 
mixture of cemqntite with a definite amount, of 
ferrite, the resultant containing about 0*9% of carbon. 
A steel consisting entirely of this constituent is known 
as eutectoid steel. It has a ftiaximum strength and low 
* ductility. It usually occurs in lamellar formation, i.e. 
consisting of* stratified layers of cementite and ferrite. 

Troostite is the first breakdown product of maidens - 
ite during the resolution on heating of solid jsolution 
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(austenite) into pearlite. It is also formed when 
quenching is not sufficiently rapid to preserve martens- 
ite, but too drastic for the formation of pearlite. It 
is almost structureless. 

Sorbite, named after T)r. Sorby, of Slieffield, repre- 
sents another and later phase of the translation of 
the quenched* solid solution into lamella* pearlite. 
It may be considered to be jmperfeofly developed 
pearlitus the cooling having been sufficiently rapid* to 
prevetft the formation of distinct lamellae. 

The hardness of the micro, constituents rtf steel 
as determined by Mr. Elliot, F.I.O., of the 

Hadfleld Research laboratory, ace as given in 
Table I. 1 


T4BLK 1 

Hardness Numbers ok Micro Constituents 
of Steel 


Constituent. 

Jirincll 

llardtiew^ 

Sclrroscojie 

Hardness. 

Ferrite 

82 

10 

Austenite # 

204 

28 

Martensite* 

578 

• 76 

Troostite* # . , 

444 

• 60 

Sorbite* 

332 

49 

Pearlite* * . 

196 

30 


1 The hardness t)f these constituents is higher in steels 
containing chromium, chromium-nickel, ^to. 


Constituents of Alloy Steels. In alloy steels there 
are np more and no fewer eonstituents than in carbon 
steels, but the addition of the special plelnents in- 
creases the ease with which given coi^ptituents may 
be p|oduced. Special steels are usually spoken of 
in tering of composition and heat treatment, but 
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attention should always be paid to the constituents 
as they arc equally or more important. Special 
elements may act in the following ways — 

(1) Tend to keep the carbon in solution. 

(2) Tend to aid in throwing it out of solution as 
a simple or compound carbide. 

(3) Tend to keep the carbon in solution within 
certain limits and to throw it out beyond these 
limits. 

The alloying el&mentq may ,' in fact, be considered 
as catalysts wliich* accelerate or retard the rate of 
solution and precipitation* Sf carbide. In addition, 
'they influence tharate of collection of small particles 
into large ones. Chromium and tungsten associate 
principally •with the carbide^ and, on Seating an 
annealed steel, gownto solution at higher temperatures. 
Nickel and manganese are more inclined to be with 
the iron and go into solution at a lower temperature. 
Alloy steels with one special element are called 
ternary steels, t]je three constituents being .iron, 
carbftn and the special element. Steels containing 
two special elements are called quaternary steels. 

* The able French metallurgist, Guillet, conceived a 
theory of ternary ^teels which forms a valuable 
guide to their constitution , and properties. Upon 
the introduction of a third element into carbon steel, 
the steel remains pearlitic at first, but as the amount 
of the special element is increased, the carbon remain- 
ing constant, tfye steel becomes martensitic, then 
austenitic, or sometimes cementitic, depending on 
the chemical action or alloying powers of a the special 
element. # B^ keeping constant the percentage of 
the special dement, a similar transformation from 
pearlitic to maftensitic and then austenitio conditions 
may be ^fleeted by raising the carbon content. The 
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greater the amount of carbon, the smaller the propor- 
tion of the special element needed to cause a structural 
transformation. The greater the amount of special 
element the smaller is the proportion of carbon 
needed to cause a structural change. It should, 
bf eburse, be noted that there are no sliarp lines of 
demarcation between the dinerent types oi structure 
mentioned. 

It wjjl be seen that constituents may be formed 
during^he slow cooling of mayy special steels which 
can only be produced in carbon stflels by verj rapid 
cooling through the critic^ range. The production 
of martensitic and austenitic structures on slow 
cooling is' generally thought to be due to the action 
of the speefal element in depressing the position of 
the critical point to a low temperature so as either 
to permit of only a partial transformation or suppress 
the transformation altogether. It appears that if 
the critical point remains above 300° C. the steel 
becomes pearlitic on slow cooling. If the critical 
point is below this temperature the steel beccynes 
martensitic or, if th^ critical point be at or below 
atmospheric temperature, the structure 19 austenitic. 
By cooling austenitic^iickel-ste§ls to the temperature 
df liquid air, a partial transformation takes place, 
and they become martensitic and magnetic again. 
The above suggestion as to the production of con- 
stituents is very useful but, in the light of recent 
research, may need modification *or amplification. 
At least in the case of austenitic manganese-steels it 
is not the only possible explanation. 

TnflmmiM ot Special Elements. ’The" influence of 
special elements on the critical points Varies greatly ; 
som& elements do not yield austenitic or even 
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martensitic steels* and a few raise the location of the 
critical points. 

Pearlitic Special Steels may be divided into those 
not very sensitive to annealing such as nickel and 
silicon steels, and those which arc sensitive, viz., 
manganese chromium, vanadium, tungsten and 
molybdenum* steels. The structure is similar to, 
but often finer than* that of the corresponding 
ordinary carbon *teel^ Tlic.<te steels arc generally 
superioj to ordinafy carbon steeA as regards elastic 
limit and ductility, and sjiftw a better resistance to 
shock. Practicaljy all structural steels belong to 
this type. 

• 

Martensitic Special Steels *are hard, brittle and 
unforgeable in the edid. Their uses are limited, 
but they possess a fairly high degree of stability, 
being little affected by tempering at 300° C. or even 
higher temperatures, and they are therefore used for 
cuttjjig tools (8cc*p. 104). 

Austenitic Special Steels are not so hard as martens- 
itic steels, Ifbt are moderately strong and ductile. 
They have a low elastic limit bift high shock values, 
and are resistant to wear and tear. They should be 
free from Separated carbides ; if present, these may 
be re-absorbed by heating to a high temperature 
(1,O0OJC* or abo^) and quenching in water ( water 
toughening) or in«oil. # These steels can only be used 
where a low elastic limit is not dangerous to the 
safety of the article or structure, and price is not 
serious. 

Oementmo special steels contain double carbides 
of iron a^d the special element. These are dissolved 
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in a martensitic structure by cooling from a high 
temperature. The steels retain their hardness up 
to a visible red heat. 


Classification of Iron Alloys and Prediction of 
^Properties. Attempts have been made to classify the 
alloys of iron with various* elements, so as to predict 
,the properties that might be expeefed if other 
element# were used . 

Osmond arrange^ t he elements *in the order of 
their atomic volumes (see Tabty 11^, and considered 
tliat those with atomic volumes less than that of 
iron lowered the change points, while elements witli 


TABLE II 

Physical Constants of Elements sUsed in the 
Manufacture of Alloy Steel 


Element. 

• 

Symbol/ 

Atomic 

Weight. 

Specific 

Gravity. 

Atomic | Melting 
Volume. jPoint °C. 

Carbon . * . 

C 

12*0 

2*2 * 

5.5 

34*0* 

Nickel . 

Ni 

58*6 

8-75 

6*7 

1452 

Cobalt . 

Co 

58-9 

8*72 

6*75 

1490 

Iron .... 

Fe 

66*8 

7*86 

,7-*L 

1580 

Copper . . • 

Cu • 

03-5 

•8*03 

7*12 

1083 

Manganese . 

Mn 

54-9 

7*42 

7*4 

1230 

Chromium . '. 

Cr 

52*0 

0*92 

7*5 # 

1510 

Titanium . 

Ti 

48-0 

5*28 1 

9*1 

1850 

Vanadium . . 

V 

51*2 

5*50 

9*3 ■ 

1720 

Tungsten . 

w 

184 

19*1(4 

9*6 

3000* 

Aluminium 

A1 

27*1 

2*56 . 

10*6 

659 

Silicon . . . 

Si 

28*2\ 

•2*50 

11*2 

1420 

Molybdenum . 

Mo 

96*0 

•"8-5 

11*3 

2500* 

Uranium . , . 

U 

2.38 

18*68 

12*7 

2400* 

Zirconium . . 

Zr 

90*6 

4*15, 

21^8 * 

— »- - - 

1700 


* Ttys values given for temperatures higher than 1,500°- 
2,000° C. ^je necessarily somewhat approximate. 
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higher atomic volumes raised the temperature of 
transformation. Subsequent work lias indicated, 
however, that this conception is scarcely adequate. 

Other investigators have attempted to show a 
relation between the position of the elements in the 
periodic table and their effect on the properties of 
iron and *steel. In Group IV, for example, silicon, ■ 
titanium an<f zirconium have to a certain extent similar* 
deoxidizing effects, and the effect of uranium .on steel 
was to some extent pmlicted frolji t hose of chlfemium, 
molybdenum and tungsten (all in Group VI). 

It seems probable thaf- the action of the various 
elements on iron and steel is governed in some way 
by their atomic and molecular structure^ but a good 
deal of tfork remains to Jjc accomplished before 
such a relation 4can b$ derived. Help may be given 
by the new method of X-ray analysis,* recent work 
in this field by Hall, Wcstgron and others having 
determined the lattice structure or arrangement of 
the atoms in i#on crystals and the effect op this 
strdeture of the introduction of atoms of alloying 
elements. During Sir Robert Hadfleld’s term of 
office as Resident, from 1914 to 1920, an important 
symposium, originated by hiin,«was held by the Fara- 
day Society on this subject (in 1919), when fifteen 
papers wd*e read, comprising 150 pages ; see Appendix 
III. 

Manufacture cj Alloy Steels. The manufacture of 
alloy steels presents ^greater difficulties than that of 
plain carbon steels, jgnd the former are more liable 
to surface defects and tiny cracks due to jhe inability 
of the mSta] to distort. Alloy steel should be sound 
and the surface smooth and free from folds and kinks. 

See also Industrial Applications of X-Bays, by Pj»H. 8. 
Kompton uniform with this volume (Pitman, 2s. fid. net). 
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Defective skin can however, be removed by rough 
turning. The best melt ed steel should pipe, this being 
taken care of by properly feeding the ingot. It 
should be remembered that steel-making ability is 
often as 5 important as the chemical composition of 
"the* steel. There are characteristics not shown in 
the analysis which distinguish between ’good and 
► bad quality. Steels of identical analysis may 
therefore differ considerably. It. has frequently b'tcn 
assumed that if a certain amount, of an alloy is useful, 
further additions are better, but this is by no 'means 
the case with ferrous alleys. The study of such 
alloys should always be a correlative one, otherwise 
wrong conclusions may be reached ; the various 
chemical^ mechanical, a<pd physical properties should 
be studied in correlation with r each other. 

The manufacture of high quality steel depends on 
the human element engaged and on never ceasing 
care in the operations. Poor melting and pouring 
practice give rise to faulty structure such as “ snow 
flakes,” which are also frequently associated With 
dirty steel. In most* cases, except for free-cutting 
properties, sulphur and phosphorus shoiild be kept 
as low as possible.* There ara other inclusions, 
non-metallic and non-ferrous which are present in most 
steel 4n greater or smaller amounts. Analysis does 
not show them, and they frequently escape attention. 

A prerequisite of faultless finished steel is perfect 
ingots made of homogeneous material. The effect 
of unduly large crystals is to qjake the ingots tear in 
worlung, wfyich deforms add thus refines the crystals. 
The size and shape of crystals ar^ controlled by a 
number of factors. 

Aljoy steels are chiefly made by the crucible , electric 
furnace, ^and open hearth processes. The Bessemer 
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process has in some cases, when properly handled, 
given excellent results, but/ ordinarily is not so 
uniform in quality. Steel is made in the crucible 
and the electric furnace in relatively small quantities, 
but of the highest quality. In the open hearth 
furnace steel is made in large quantities, but generally' 
dqps not/ attain the highest quality. 

Open Hearth Proces*. The open hearth process 
(Fig. 9) is used for a Wgc variety of products, and 
has a high output. The composition and tempera- 
ture o# the bath *are, under good control, and the 
temperature is independent of the means used to 
purify the metal* The lining of the furnace may be 
of acid or basic material. Only in the latter case 
does purification of the steel # take place, most of the 
phosphorus and«some of the sulphur being removed. 
Acid open-hearth steel is generally considered superior 
to that made on a basic hearth, but this is probably 
due to greater difficulty of control in the latter case. 

The method operation in making alloy steeT iH 
muflh the same as for making carbon steel, the differ- 
ences occurring in the process o$ finishing, i.e. in mak- 
ing additions required for the kind of steel desired. 
The$e additions are federally made just before or after 
tapping, but the methods differ somewhat. , Ferro- 
manganese and, spiegel are usually added molt en 
in the ladle. In the case of nickel, either nickel- 
steel scrap or pig^iickel may be charged half an hour 
or more before ^tapping the charge. Chromium is 
added in the form of Jerro -chrome, just long enough 
before casting for the alley to become ^thoroughly 
.mixed thflouph t^e charge, but unless care is taken 
a certain proportion is lost through oxidation. 
Ferro-silicon is added in the ladle, and vanadium 
in the ijprm of ferro -vanadium is sometimes a&ded 
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to the stream of metal flowing into the ladle, Ctopper 
is added solid to the bath about twenty minutcH 
or so before tapping. There is usually a loss of the 
element added which varies for each element and 
according to the working conditions. There are 



Fio. lb. — C rucible Furnace, Coke Fired 
* * (Section)/ * 

A « Crucible being dried. , E - Stand (or crucible. 
B *> Chimney. F *» Firebar. 

C — Furnace. E — Ash-pit, 

D » Crucibles containing charge. 


also other methods of adding the alloys to suit* the 
conditions prevailing in different plants. 

Crucible and Electric Furnace Processes. For 
many y^ars high grade ^steels were made by the 
.crucible process *(Fig. 10),Mbut of recent years there 
has been a n^pid adaptation of the electric furnace* 
* See also The Electric Furnace , by F. J. Moffett, uniform 
with thi^ volume (Pitman, 2s. 6d. net). 
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for refining steel. At the present time complex 
alloy steels are made with precision in the electric 
furnace (Fig. 11), almost equal in grade to the best 
quality crucible steel-. 

Fig. J2 shows the tapping of a (>-ton H6roult 



Fig. 41. — Electric Furn..c* (Section). 


electric fumatce with an observer taking th% tempera- 
ture of the molten stream of steel flowing into the 
ladle by means of an optical pyrometer. 

The following are thel cliaracterjstics of electric 
melting, to which the high quality of the products is 
due. A high temperature ^obtainable, and can 
eaailjr be maintained ; the heating^ agent •is clean ; 
there is no evolution of harmful* gasps ; and an* 
ox idizing, reducing or neutral atmolphere can be 
maintained as desired. The whole operation of 
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refining the steel is under almost complete control. 
In the oxidizing period all the oxygen is introduced 
into the furnace in the solid form. In the reducing 
period the bath is deoxidized by carbon. During 
thq finishing period the conditions are either reducing 
or neutral. The loss of +he alloying elements is 
reduced to a*minimum, ahd finishing tjp.e Steel in ihe 
furnace lSads to greater uniformity. The alloys 
required may bo added as soon as t^ie slag conditions 
permifl ; ferro-siliccm is added'about 10 to 15 minutes 
before tapping. The electric "furnace procesl is the 
only one in which impurities are not added to the 
steel by ^he operation. In the open health, the metal 
is subjected to the action of the air and gas, while 
in the csucible process the steel may take up carbon 
and silicon from the crucible* * * 

The electric furnace is sometimes used to refine 
molten open-hearth steel, and is valuable for remelting 
aljpy steel scrap without loss and making a high 
grade product therefrom. The raW materials used 
in the electric furnace are cheaper than those for the 
crucible, large castings can be made from one heat^ 
and the steel is free from impurities t<* a*high degree. 
. Of the maftiy electric fumatfei in use no one can 
be said to possess any great advantage over the others, 
though the H&oult type has been the* one most 
generally adopted. From the economical point of 
view the electric furnace; seems destined to pupgress 
conjoined as a duplex opera^tioifc with the open hearth. 

It is not easy to compare? crucible and electric 
furnace steely as each possesses its own distinctive 
field of use. The crucible process is «not suitable 
for manufacturing large quantities 4ft low-c&rbQn 
allo$ steel, but the electric furnace is ideal for this. 
The crucible process yields* the highest anility tool 
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steel. Some comparative test s which have been made 
showed that square rods of a 1*1% carbon crucible 
steel gave greater bending angles and greater sdero* 
scope and ball hardness in the hardened state than 
did a similar electric furnace steel. The practically 
sealed crucible gives a near approach to ideal con- 
ditions, i.e. pielting in tlhe absence of oxidizing 
conditions and out of .contact with the products of 
coritbustion, and in* small units. It is probable that 
the silicon is in th% nascent condition in the cr?icible, 
and helps to remove the l^aiinful effect of the gases. 
Crucible steel is also free from flakes. The electric 
furnace yields larger heats and therefore larger ingots. 
The ingot ^roubles are foimd to be roughly propor- 
tional to the square of the diameter. Pipes, seams, 
segregations anf surface imperfections are also apt 
to increase with the size of the ingot. Metals which 
oxidize easily, e.g. vanadium, chromium and mangan- 
ese, are readily handled in the electric furnace, and 
therj is better solhtion, diffusion and homogeneity. If 
it is a question of obtaining steel with the lowest 
possible sulphur and phosphorus content, and gener- 
ally for most applications the electric furnace process 
is to be preferred. 

Whilst the electric process has made great strides, 
crucible steel of* the highest quality still continues 
to be made in large quantities, chiefly in Sheffield. 

Mechanical Treatment. In order to develop the 
mechanical propertie^of s^eel to the highest degree, 
it is subjected to mechanical work, either by hammer- 
lug, pressing, or* rolling. A 3-ton steam hammer 
capable of foxing ingots up to H in. diameter into 
billet form is shown in Fig. 13. Forging presses anay 
be a$ra^0ed to act vertically or horizqptally, and large 




Fiq. 13. — A 3-ton Steam Hammer Capable of Forging D#wn 14-in. Ingots into Billet Form. 
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presses of both types are illustrated in Figs. 14 and 
15. Fig. 14 shows a 1 ,500-ton vertical press, which 
can deal with forgings up to 15 tons in weight and 
22 in. diameter. A number of marine forgings 
produced in this press are shown in the front of the 
photograph. Fig. 15 shows a giant horizontal press' 
which is .used for piercing or extruding gun tubes, 
projectiles, Aid similar large size work. Messrs., 
Hqdflelds, of Sheffield, had three of these at work 
day and night ddririg the Great War. 

The benefits derfred Jrom mechanical treatment con- 
sist in forcing the particle# ihto intimate contact, clos- 
ing up cavities, and refining the crystalline structure. 
Working not only improves the mechanical strength, 
but influences the hardness and ductility, \he amount 
of the change depending on the work done and the 
temperature at which it is carried out. The ultimate 
aim of working the steel is to secure a fine uniform 
grain, and this is obtained by thoroughly forging or 
rolling the met^f at a temperature somewhat abdve 
its critical point. A sharp change in structure due to 
working takes place as the Art critical point of the 
r steel is pasted. Above this point the carbon is dis- 
solved to form a homogeneous mixture and, owing to 
the plasticity of the metal, distortion due to working 
does not produce a permanent strain, and the grains 
are broken up into smaller ones. Below the critical 
temperature the aggregate of metal and carbide is 
permanently distorted or strained. Steel con be 
worked “ cold ” to ascertain extent, *but it must be 
annealed in order to remove internal strains. The 
higher the temperature, the more easily "the steel is 
deformed, inri it is essential to keep the working 
temperatures^ 1 within certain well-defined limits. 
Steel mijpt not be heated to a temperature at ^hich 
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it assumes a semi-fluid state or it will be “ burned.” 
The temperature of forging high carbon steels should 
not ordinarily exceed about 1050°C. Nickel steel 
is heated to about 3090° 0., chromium-v ana di um 
steel to even higher temperatures, and copper steels tg 
about the same temperature as the corresponding 
<&rbon steelj Owing to ttie poor conductivity of most 
alloy steels, the ingpts must be caret Aly warmed* 
and preheated, before being raised to a forging 
temperature, as fhey will not absorb heat Suddenly 
without cracking. Owing .to the greater strength and 
less plasticity of alloy steels at high temperatures, 
more energy is generally required to work them than 
carbon steel, e.g. high speed steel is difficult to forge 
hot. Manganese, however, improves the trolling or 
forging qualities.' 

As regards the efficacy of the three methods of 
working— hammoring, pressing, and rolling — each 
has a field of its own. For example, some intricate 
shapes cannot He rolled. A high degree of refinement 
results from hammering, provided the amount of 
reduction is large. Much depends on the use of 
a liammer of the right size ; in other words the 
hammer should fee 'heavy eftough fbr the work.* 
Under the impact of the Hammer scale is removed. 
The concur of*the dies used in forging must be such 
that thS metal flows evenly and 'gradually to the 
finished shape, and is not violently displaced. f In 
working under fc prqps the kneading of the material 
penetrates deeply. Extraordinary care and attention 

* An approximate rule for finding the suitable capacity 
of a steam htonmer is to multiply the largest cross section (in 
sq. in.) to bo dirked by 80. The product will.be the rating of 
the hammer in lb. 

f See also Drop Forging ; by H. Hayes, uniform wfth this 
volyne^itman, 2s. 6d.. net). 
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are given to every det ail of forging. Rolling, although 
perhaps not producing the best quality bars, has come 
to be used most widely, and is very valuable for its 
large output. Hammer and press work is Blower 
and more expensive to operate. The temperature 
is likely to be higher in rolling than forging. 

G In forging tool steel it 'is particularly necessary to 
ensure unifSrm heating, and the corrdbt range a#* 
temperature fromjboginning to end of the operation. 
At about 400° ( 3 ., todi steel is subject to blu# brittle- 
ness or sensitiveness to shock, especially in very 
hard steel containing frdb cementite. It is advisable 
closely to follow the makers’ instructions to obtain 
satisfactory results. 

Rolling Special 43te€js. Fig. 16 shows the 11-in. and 
14-in. rolling mills at Messrs. Iladflelds’ East Hecla 
Works, Sheffield, for rolling billets of various commer- 
cial sizes into round and square bars. These mills are 
used for the production of high tensile steel for motor- 
cars and commercial vehicles, spring steel and other 
special steels ; they are of am exceptionally robust 
character to ^withstand the abnormal stresses arising 
from the rolling o^special steels of this description. 

Both millB are of the continuous-r unning bar 
type, eash driven direct by an electric motor having 
a flywheel and flexible coupling interposed between 
the motor and , the mill. The mills are complete 
with the usual reeling machines, shears and hot 
saws, etc., all drive^ by individual electric motors, 
each machine being situated in the best position for 
handling tjie piaterial in the progressive stages 
after leavin^the rolls. A roll-turning department 
is provided in which are situated electrically £riven 
roU-tuqung lathes and the fuH equipment fgi turning 




Fiat, 16 . — Electric ally-driven 1 1-in. and 14-in. Mulls at the East HecA Works, Sheffield, 
for Rolling Alloy Steels of High Tenacity. 
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rolls. Furnaces of the semi-gas recuperative type 
are nsed to heat the billets before they enter the rolls ; 
the billets are thus heated in the shortest possible 
time with a minimum of fuel consumption. 

The control of temperature is of extreme impor- 
tance in the manufacture of special steels, and in 
rolling these materials it is essential, not only to 
start the operation with the ingots well soaked a£- 
the correct temperafure, but also to roll at such a 
rate as to finish* at* the correct temperature. # 

The whole equipment is laifi out on the most 
modem lines, and is arranged for obtaining maximum 
production with* minimum labour. Overhead electric 
travelling cranes handle the raw and finished materials 
also changing rolls, etc., and the lofty ^ well lighted 
and well ventilated building provides an abundance 
of floor space which is so essential to the successful 
operation of rolling mills. 

Fig. 17 shows a reversing 28-in. blooming and 
finishing mill oj the latest type, recently laid dbwn 
by* Messrs. Hadfields at the same works, which is 
believed to be the first having for one of its main 
objects the production of manganese steel rails. 
Tips mill is capably tjf rolling dpwn 15-jn. square steel 
ingots 5 ft. long, weighing 25 cwt., and reducing 
them at qne heat to 2 1-in. square billets. The normal 
output js approximately 1,500 tgns per week, or 
say 15 tons per hour, with a maximum output qf 20 
tons # per hour fyr occasional short periods. The mill 
will also roll Hadfielfi “ Era ” manganese steel ingots 
into rails up to tlie heaviest section in demand 
having ft. maximum length of 55 ft.* rolled, say, 
45 ft. finished. * 

As shown lIV Fig. 17, the mill comprises one cogging 
and oqe finishing stand. The cogging toBb are 




This photograph shows roughing and finishing stands for rolling special steels including manganese steel rails. 
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28 in. diameter and 7 ft. tong, and the finishing 
rolls 28 in. diameter and 6 ft. 6 in. long. The total 
weight of the mill is about 1,600 tons, including the 
electrical equipment which weighs approximately 
400 tons. The main rolls were manufactured 
throughout by Hadflelds, and are of their special 
quality carbon forged steel with machined fluted 
wobbler ends. The hydraulic shears *are of tl^ 
up-cutting type complete with hydraulic intensifier 
arranged for a maximum pow^r of 1,000 t$ms and 
capable of shearing “ Era ” manganese steel blooms 
when hot up to 10 in. square. The hot saw is of the 
horizontal sliding type, fitted with a blade -60 in. 
diameter and driven by a 75 h.p. motor. 

The mMl motor is rated at 3,200 li.p^., with a 
maximum output of # 11,000 h.p. for short periods. 
It is capable of exerting a constant torque of 125 
ton-ft. from standstill to 60 r.p.m. in either direction, 
and gives a constant horse-power of 3,200 h.p. between 
the speeds of OjJ and 120 r.p.m. The overload capac- 
ity corresponds to a torque of 453 ton-ft. between 
standstill and 60 r.p.m. ; and 11,600 h.p. between 
the speed a»of 60 and 120 r.p.m. 

The cast steel Jlywheel is. of the .built-up type, 
11 ft. 6 in. diameter and weighing 30 tons. The 
flywheel *Bet, wjtiich consists of an 1,800 h.p., three- 
phase rpotor on the same shaft. as two dynamos 
)f 6,000 h.p. apd a 30-ton flywheel, is interposed 
between the pc^er lines of the Sheffield Corporation 
and the main mill Aotor in order to provide for the 
control of the latter and equalize the load on the 
supply Alains. # The main mill motor is capable of 
being revereed from full speed in one direction to fujl 
speed in the Sther direction in three or four seconds. 

The # appliances for ' carrying out the # requisite 
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treatment of the manganese steel rails are arranged 
at the side of the ingoing run-out by which the rolled 
material is conveyed to the saw. A noteworthy 
feature is an electrical- telegraph system established 
between # thc control platform and the electrical 
equipment house for the transmission of orders 
between the *paill driver qn the platform , and the 
attendant ip. the electrical equipment house. 

The hydraulic water service tb the mill is arranged 
for a Marking pressure of 2 tont^er sq. in. and is 
supplied by a set of* three throw pumps driven by 
a 175 h.p. motor. • The floor surrounding the mill is 
finished off neatly, the live roller gear being below 
the floor, and the latter representing an even plated 
surface all oW with the exception of the live rollers 
which necessarily project slightly, a£ove the floor 
level. Provision is made for turning the main rolls 
in one bay of the mill where there is ample space for 
the storage of the rolls. 

Heat Treatment. Until about 189? the subject of 
heat treatment of steel had attracted little scientific 
attention. Subsequent inventions, howeyer, which 
required the lightest jpossible qjbeel pits with the 
highest possible strength and other specific properties, 
necessitated the use of alloy steete and .made it 
essential that thege steels should receive the proper 
heat treatment to develop their properties to the 
highest degree. Developments in fye manufacture 
and heat treatment of alloy steels have occurred 
concurrently, heat treatment ffeing of the highest 
importance ih contributing to the superior equalities 
of the product ; in fact in special steels ft is always 
essential that the heat treatment givfti be careful 
and precise — not that special difficulties are involved ‘ 
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but that, the benefits accruing from the use of alloy 
steels inay not be commensurate with the increased 
cost unless the potential physical properties of 
these steels be fully developed. 

The object of heat treatment, is to secure perfect 
diffusion of the carbon present and a fine grained 
structure free from brittleness. In order to fix the 
best treatment it is necessary to know the tempera- 
tures of the critical changes, the critical speed of 
cooling, and the r&e-of tempering. Since tl>* special 
elements influence the position of the critical points, 
these should be determined in each case. When all 
the constituents- of the steel have passed into a state 
of solid solution, the greatest refinement of grain 
is obtained, but owing to hysteresis it is necessary, in 
practice , to heat steels a little above their critical ranges. 

The great, work of Professor Henri Le Chatelier, of 
the Sorbonne, in the introduction of thermo-electric 
pyrometers and his contributions to the development 
of the whole spbject of pyrometry, have been of the 
highest importance. In this connection it may be 
mentioned that in the Address delivered on the occa- 
sion of hi& (yinquantenaire Scientiflque at Paris, on 
22nd January, 19^2, Prof essorLe Chatelier stated that 
it was due to the inspiration of Sir Robert Hadfield 
that he rtook up research work in connection with 
optical , pyrometry. It was on this occasion that 
Le Chatelier wap presented with a gold commeipora- 
tion medal andt a subscription with ,which he decided 
to found the Henri^Le Chatelier Biennial Prize for 
Industrial Research. 

As ari‘ example of the broadmindedness of this 
great Frenchman, it is pleasing to read his 
remarks regarding the value of interchange of thought 
and idpas. To put it 'in his own words, A as Stated 
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al the Cinquanfenaire “ . . . . T became editor of 
the Revue tie Mdalluryie. The reading of foreign 
reviews, the correction of proofs and correspondence 
with readers opened my eyes to a number of problems, 
and wer^ the starting point of my propaganda in 
favour of the Taylor system. 

“ As an example of mutual improvements T remem- 
ber that afjer having instructed Osmofid in the use 
of my thermo-electric couples* 1 learned from him 
the principles of microscopic jn^allography. * 

“ The works of Sir W. Robeii s-Aoid-en, Director of 
the Royal Mint in London# inspired me with ideas, 
which are generally accepted to-day, as regards the 
constit ution of alloys. 

“ It was through the inspiration of ftjr Robert 
Hadfield,* the scientific director pf, 11 cola Works, 
Sheffield, that I took up my researches on optical 
pyrometry. 

“ Messrs. 11. M. Howe and A. Sauveur, professors of 
metallurgy in the United Stat es, opened my eyes in 
the course of continuous correspondence, to the parti- 
cularly interesting problems in the metallurgy of steel. 

“ We have continually collaborated in qur investi- 
gations to such a degrep that it lips often been difficult 
to be sure which part lias originated with a particular 
individual. 9 

“Osmond and, myself were never able to decide 
who was the first to compare the transformations 
of steel with the phenomena of solubility. 0n£ day 
we found ourselves completely fb agreement on this 
point of view after *an houris discussion at the end of 
which we found that we were left with ideas completely 
different from those which led up the conversation.” 

This fine tribute to the value of •international 
oo -operation, from so able a scientist, is welljvorthy 
of record!- 
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The optimum hardening temperature of an alloy 
steel should be determined experimentally wherever 
possible, since the method of manufacture, mechanical 
treatment, size of section, etc., all influence this 
temperature. Alloy steels are not so subject to mass 
effect as carbon steel, i.e. they harden better 
throughout the mass. 

Heat treatment requires knowledge*, skill, anjj 
judgment for its proper performance. Temperature 
control should ahtays be by means of pyrometers.* 
It is not sufficient nowadays to work to such instruc- 
tions as “ Harden at at. red heat and temper at a 
straw colour.” ,The following are important factors 
in heat treatment which should receive attention — 
Adaptation of the proper fuel to a fumAce ; method 
of heating, including time in furnace, location in 
furnace, character of furnace gases whether neutral, re- 
ducing, or oxidizing ; location and correctness of pyro- 
meters ; time of transference from the heating furnace 
to the quenching bath ; shape and size of the bath ; 
nature and temperature of the quenching medium. 

A study of heat treatment chould be attended by 
the study of the structure and constituents of steel. 

.During Sir Robert Hadfle^Ts term of office as 
President of the laraday Society, an important sym- 
posium originated by him was held on the subject 
of pyrometry (in 1917) when nineteen papers were 
read, comprising with the discussions 180 pages ; 
see Appendix IJI. 

Annealing . Anneltlin g is usually carried out with 
the object of softening steel, either for the purpose of 
removing the internal stresses produced *by the rapid 
cooling of targe* masses or complicated shapes, for 

* See also Pyrometers and Pyrometry , by Eier (tyiffithe, 
uniform ^pith this volume (Pitman, 2e. 6d. net) 
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undoing tho hardening effect of cold work, or for 
removing hardness arising from rapid cooling or 
quenching. 

The results produced depend on the maximum 
temperature reached, the time during which the steel 
is kept hot and the rate of cooling. The temperature 
required depends on tho nature of the steel and the 
jfurpose of the treatment. Usually tliis temperature 
lies somewhere about 650° to # 8Ji 0 C. This treat- 
ment leSds to a “ balling up ” of tli# carbide and the 
destruction of the lamellar pearlite constituent. 
The mechanical properties of the steel then resemble 
those of (carbon — free iron with an extremely low 
elastic limit and resistance to fatigue. If tjie anneal- 
ing temperature is chosen just aboye the critical 
range of the steel, the latter is left in a stronger and 
more resistant condition. Though this type of 
treatment is generally known as normalizing, it is 
sometimes contended that delicate heat treatment 
is too expensive for use with ordinarjr steels. i 

In comparing ordinary steels with alloy steels, 
it is sometimes thought there is an advantage of 
simplicity, that the carbon steel as* the simpler 
material, does not require carefifl heat treatment. 
Actually, correct heat treatment makes so # great a 
difference even to simple carbon steels* that for many 
purposes the use of more expensive alloy steels could 
be avoided if adequate care and skSjf were devbted 
to the simpler material.* Greafr care is given to the 
question of the chemical composition of steel, and 
heavy expense is incurred in securing adequate 
purity, but the steel is sometimes afterwards ruined 
through lack of care in heat treatment? 

* Sef Appendix I. 



CHAPTER III 

NICKER STEEL 

Nickel steel may be considered not oifly as one 
tlfc early alloy s^els, but. also as one of the most 
important and ipost* abundantly used. Nifkcl was 
first isolated by the Swedish mineralogist, Oronstedt, 
in 1751, but a century or more elapsed before malle- 
able nickel was produced. Nickel steel was first 
used about 1888, and its qualities and merits were 
announced in 1889 in a paper read by Mr. James 
Riley (before r th*e Iron and Steel Institute), who 
described some of the products and properties of 
alloys of iron and nickel produced originally in 
France and then in England. In 1890, a face- 
hardened (HaiVeyized) nickel steel armour plate was 
tried, and in its early days nickel steel was used 
almost exclusively for armament purposes. Sir 
Robert Hadfteld’s paper on the “ Alloys of Iron and 
Nickel,”* read be*ofe the Institute of *Civil Engineers 
in 1899, was the first correlated study of this particular 
alloy steel. Exhaustive work has also been done on 
nickel iton alloys by the French metallurgists Dumas 
and* Guillaume.* 

Manufacture of Nickel JSteel. pickei steel is made 
by vaijous processes, open hearth, « electric and 
crucible, and presents no particular difficulties in 
manufacture! Nickel may be added to the bath 
at any time, practically without loss or wa^e, but 

* 8ie Appendix II, p. 169, Paper No. #7. 
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the addition is usually made just long enough before 
tapping or pouring to become properly diffused. 
Nickel is not- used as a curative agent, i.e. it cannot 
deoxidize iron though It- is t hought to hinder segrega- 
tion of carbon and other metalloids. It is important 
that the ingots be sound and free from blowholes 
or nickel steed may contain seams appearing as dark 
coloured Ikes on the metal ; rolling at a high tem- 
perature has been found to lessen this tendency. 
The scale formed oij nickel stoel^fclheres more firmly 
to the metal t han does that on carbon steel. 

Nickel steel can be forg#d and rolled without any 
great precautions. Above 5% nickel, the steel 
tends to 'become hard and difficult to work either 
hot or qpltf. Steel with 5J% of niekeUwas found 
hot-short at 1100° C. Liability U> laminated struc- 
ture or seams can be overcome by care in manufacture 
and forging. 

Influence Of Nickel. Nickel h^s a beneficent 
effect on steel, making the structure finer and giore 
homogeneous, and is«pre-eminent-ly a strength-giving 
element. The useful range of 2% to 4tf% is wider* 
than tliat- covered by most otyej* alloying elements. 
Nickel increases the strength, ductility and toughness 
of carbon sieel, also the ratio of the elastic limit 
to the tensile strength, and renders the steel more 
susceptible to heat treatment-. 

Structure and Classification df Nickel Steels. When 

nickel is added to hypoeutectoid steel it dissolves 
in iron to form an iron-nickel alloy which, cooling 
through the critical range, replaces tfoth the free 
ferrite and pearlitic ferrite of carboi! steel. Nickel 
also*ha^ an obstructing influence on the ^paration 
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of pearlite ; the pearlite areas are less distinctly 
laminated than in carbon steel. Nickel up to 
about 8% reduces the eutectoid ratio below that of 
straight carbon steel. The eutectoid composition 
for 3% nickel contains 0*75% carbon, whilfc for .7% 



nickel the carbon content is 0*0%. This is of impor- 
tance in f case-hardening work. Nickel steels are 
classified jas follows (Fig. 18) — 

Pmrlitic Niche l Steel are those which, when cooled 
slowly, consist wholly or in part of. pearlite. The 
nickel varies from 0 10% with the carbon ranging 

inversely from 1*05% to liil. Hadfleld ,and Guillet 
showed tllab'PearJitic nickel steels are of the greatest 
practical im^rtance. They are like carbon steels 
but superior. < 

Marteqeiiic Nickel Steel* contain from 10 ( to 25% 
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nickel, and show only a partial transformation from 
austenite to pearlito on slow cooling. They are 
like quenched steels, showing high tensile strength, 
and low elongation and shock. These steels are of 
little practical interest. 

Austenitic Nickel Steels . Above 25% the influence 
of the nickel lowers the transformation range belcw 
atmospheric temperature, and the steels are always 
austenitic, regardless of the carbon content. They 
show a*polyhedral structure Characteristic of pure 
metals and simple solid solutions. 

Heat Treatment and Magnetic Properties oi Nickel 

Steels. Thewsuccessful heat treatment of nickel steel 
requires experience and knowledge. Treatment is 
based on the position of the change joints. Nickel 
has the property of lowering the critical points of 
iron to a marked degree. Each 1% of nickel, up 
to 7%, lowers the Ac, point approximately 8 to 
11° C. and the Ar x point 17 to C. The Ar, 
point of 3*8% nickel steel is from 75° C. to 100* C. 
lower than that of a corresponding carbon steel, 
and for a 25% nickel steel it is below atmospheric 
temperature. * The addition of •nkkel seems to slow 
up the formation of the solid solution, and therefore 
a somewhat prolonged hea/ting at the- proper quench- 
ing temperature ife necessary to effect the transforma- 
tion. The tendency to brittleness* due to mqje or 
less prolonged heating in excess of the upper critical 
range is much le^g in nickel steels than in straight 
carbon steels. To save tirhe, nickel steels axe heated 
to such temperatures and then cooled t^ovm to just* 
above the Ar, point before quenching. A content 
of atgmt 8% nickel, near the limit of the pearlitic 
steels, i| the highest useful content amenable to 
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ordinary annealing and quenching operations. The 
austenitic, nickel steels cannot bo hardened b> quench- 
ing. The magnetic properties of nickel steels havo 
been studied by llopkinson, Barrett, Ewing, Hadficld, 



Fi<£ 19. — Magnetic Change Points or Nickel 
Steels. 

Osmond, Guillaume^, Dumas and others, and Bhow 
marked peculiarities. Steel containing $5% of nickel 
is non-cfagnetic, in the ordinary condition, but if 
cooled to -4j}° C. iff becomes magnetic and retains 
its magnetic properties on returning to ordinary 
temperature and does ‘not revert to its* original 
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condition until heated to 580-000° C. This type 
of change is called irreversible, and alloys containing 
25% nickel or less belong to this class. Those 
alloys which lose their' magnetic properties on heating 
and, regain them on cooling to the same temperature 
belong to the reversible class. Steels with over 
40% nickel sfiow reversible transformation (Fig. If)). 
•Dr. Hansoft lias shown that the critical points ob- 
tained by means of electrical eomliiotivity measyre- 
ments %gree very closely with^those obtained by 
means of thermal curves and, i ^investigations by 
other workers, by magnetic tests. From 12 to 
25% of ,nickel the irreversibility Is most marked, 
and these •alloys show the highest strength and 
elastic limit. The alloys used by the eaflier invest- 
igators all contained carbon •and'mfcnganese, which 
affect the transformation points more than does 
nickel itself, so thijtt the results obtained are of 
use only from the point of view of works’ practice 
in the correct treatment of nickeh steels. Pumas 
stated* that no nickel iron alloy was non-magnetic 
at ordinary temperatures except steels containing 
carbon and manganese. In alloys cpntteining from 
27 to 31% 6f nickef he found 4>ntli reversible and 
irreversible \ transformations and concluded that 
pure'iron-nickel alloys between 20 and 37% °f nickel 
have both. In # the nickel alloy containing 30% 
nickel, the reversible transformation produces a 
material with low hysteresis |pss and low magnetic 
saturation, whijg the irreversible' transformation 
gives a material with six* times the saturat ion value 
but fifteen times the hysteresis lo$$. On^he whole* 
nickel lowers the ultimate saturation value of iron, 
butait has been found that a nickel content of 5% 
to 7% raises the permeability for high inductions by 
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about 5%. This alloy may therefore find a limited 
application. 

Mechanical Properties o! Nickel Steels. Above 
a content of 2%, 1% of nickel adds about 2j pons 
per sq. in. to the maximum strength as compared 
wifh carbon steel, with only slight, if Uny, decrease 
in ductility without heat treatment# A nickel 
content from 3$ to* 3|% gives best results in 
structural steel. JNsteel with 3fc% nickel an* 0-25% 
carbon has ’the same tensile strength as a 0-45% 
carbon steel. Not only*is the maximum strength 
raised (21 to 31 tons per 1% of nickel) but the elastic 
limit is higher than in carbon steels , m the elastic 
ratio being about 60%, as compared with 60% in 
carbon steels. #The Resistance to fatigue is also 
increased to six times the fatigue life in some cases. 
From 6% up to 8% nickel the hardness is increased 
but the steel is still amenable to heat treatment. 
An air-cooled 5^o 6% nickel steel (0*3% C.) showed 
the following properties — Elastic limit 38 to 46 tons 
per sq. in. ; maximum strength 46 to 60 tons per 
>sq. in. ; elengption 26 to 20% ; reduction of area 
70 to 60% ; Izod tgst*25 to 36 Jig. per sq. cm. 

Steels containing more than 10% nickel and up to 
18% are comparatively hard and brittle, possessing 
iiigh strength and low elongation, with a limited field 
of usefulness. TJie steel referred to by Arnold 
and ffead in 1914, containing 0*65% 0. and 13% Ni, 
has the following properties— Yield point 60 tons per 
sq. in. ; maximum strength 90 tbns ]$r sq. in. ; 
plongatio# 12% in 2 in. Before Arnold & Bead’s 
investigation!, the steel witlj 15% nickel was thought 
to be the strongest of the series, but it can nopr be 
surpassed by much cheaper heat-treated ordinary 
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nickel-chromium steel. The high nickel austenitic 
steels have low elastic limits but high elongation 
and contraction, also low moduli of elasticity. The 
modulus of ordinary nickel steel is 29,500,000 lb. 
per sq. Jp., but for steel with 20% nickel it is 
appreciably lower. 

The minute crystalline .structure of nickel steel 
causes the (J^velopment and propagation of cracks to 
be relatively slow. Nckel steds in general use are 
somewl^t harder than the corrosg^Jiding straight car- 
bon steels (i.e. with tie same percentage of^jarbon), but 
they are readily machinabie and have a lower co- 
efficient of friction. The hardness of pearlitic nickel 
steels shoWB a greater mass effect when quenched in 
oil than in $ater, so that test values are incomplete 
unless the size of section is c^uotqd.* 

The coefficient of linear expansion of steels with a i 
high percentage of nickel is small (see Table III). 


TABLE III 

Coefficients of Linear Expansion of Nickel 
• Steels 


HickeUper cent. # 

Coefficient oil 
LlnearJExpanslon 
pcrrC. 

25 

. *000 018 5 

27 

•000 011 0 

30 

•000 005 5 

32 

, -000 003*5 

34 

•000.002 5 

36 

'•000 001 5 

38 

. *000 000 4 

•43 

•000 005 6 

60 

•000 0160 


• ¥ 

Th6 corrodibility of nickel steel is less on the whole 
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than that of carbon steel, ml'less tlie carbon be very 
low, and decreases with the amount of nickel present. 
Steel containing 30% nickel is used for boiler 
tubes which last nearly twice as long as mild steel 
tubes. , 

Nickel steel is tough under impact and the shearing 
strength of nickel steel .rivets is les* likely to be 
irregular than that of carbon steel rivet^ 

With regard to their behaviour at low temperatures, 
Hadfield has sh<\n* that nickel steel reruns its 
ductility at the* temperature of liquid air. This 
also applies to the material he discovered known as 
“ Itesista,” which is a compound alloy of iron, 
nickel, and manganese. 

Case-Hardening* Nickel Steel. Case-hardening 
steels are soft and readily machined. By means of 
carburizing, the hardness of the outside is increased 
until it may equal that of tool st eel, and is thus highly 
resistant to frictional abrasion. There should be 
no # free cemenfite in the “ case ” or a liability to 
flake arises. 

■ Case-liai£ened steels are heat-treated as follows — 
The core is refined .by quenching frpm 900° C. or 
lower for alloy steels, and the case is then refined 
and hardened by quenching from a lower temperature. 
‘Lower temperatures than for ordinary mild steel are 
used in ‘heat-treating nickel case-hardening steels 
owing to the effect of nickel in depressing the change 
points. • 

The strength of cates may be considered to be the 
# same fo# all steels. Beam tests have* shown that 
cracks appear tft skin stresses proportional to the 
mmrim strength of the core. The core with the 
highest jrteld point will* endure the highest stresses. 
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Impact tests on ease-hardened parts are low and 
seem to be independent of the core material. The 
addition of nickel in case-hardened steel renders the 
core less susceptible to brittleness, and gives more 
uniform Jesuits. There is a slight tendency for 
nickel to resist the penetration of carbon, making the 
penetration slower than in tjie case of straight carbon 
steels, but tl^p graduation is more uniform. The rate 
of penetration with 5% nickel steel is about half 
that of filain low-carbon steel., j/Pj 0 and 5% niclel 
steels are most generally used fon case-hardening. 
Manganese increases the ability of steel to absorb 
carbon, but the case tends to be britt le and sensitive 
to shock, hence this element is kept low. The steel 
should be lfept as free from silicon a^ possible, 
and sulphur and phosphorus shoyld, also be kept 
low. 

Uses of Nickel Steel. The great bulk of simple 
nickel steel, containing from 2% to 4% of nickel 
(carbon 0*2 to 0*5%), is used for structural fyid 
engineering purposes, <Le. in bridges, machine parts, 
engines, large dynamos, the frame and, engine of 
automobiles, gun and, marine forgings, etc. It is 
employed for bridges of large span only ; for moderate 
span simple carbon steel is perhaps as good e and less 
costly. Another .application is for seamless tubes 
for bicycles and other high grade tube into*which it 
is cold -drawn. Alloy steel containing 3% of nickel 
has been used for the steel rings^in |ome large dyna- 
mos. Steel rails cAitaining 3^ 0 of nickel have been 
tried by American and other railroads, but fcave not 
shown any marked superiority. Sirhple •nickel steel 
is also used in marine shafting, railway^notor shafts, 
axles, Vire, cable, etc. 
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Steel with 5% nickel or above (carbon 0-3 to 0-4%) 
possesses great resistance to shock, and is used for 
shield plates for field artillery and other bullet-proof 
plates. Steel with 22% nickel is liighly resistant to 
some types of corrosion, and has beer^ used for 
valve stems of salt water systems and for the* elec- 
trodes of sparking plugs. Steel witl^ 24% to 25% 
lfickel meets with some special applications owing 
to its non-magnetic properties and the fact that *it 
ctfn also be mJ^iiped . Steels with 28 to 35% 
nickel are. tou$i and dense,* highly resistant to 
shock, little subject tg corrosion, and have low 
coefficients of .expansion {see Table III, p. 55) ; 
they do not respond to heat treatment, but may be 
annealed ^at 090-700° C. for machining. Steel con- 
taining 30% to 38% of nickel is known as Invar and, 
owing to its very Small coefficient of expansion, 
this alloy is used for balance wheels of watches and 
pendulums of clocks, tape measures, geodetic and 
similar instruments for precise measurement. With 
very low carbofi, the coefficient for Invar is less than 
that of any other metal or alloy know. The 
coefficient^ only suppressed over a moderate tem- 
perature range (up to 300° C.)^but notjfor contraction 
at low temperatiftes. After ageing, Invar becomes 
practically constant in length. Carbon even in 
Very small quantities has a marked effect on nickel 
iron alldys and renders them much more liable to 
undergo changed. Every care is therefore taken, 
in the manufacture* of standards of length, to keep 
this element as low ft s pqssible. 4 
Steel Jvith. 40% nickel containing 0*15% carbon, 
is known as plktinite. It has the same coefficient 
of expansionrfas platinurd and glass, and has been 
used for the leading-in wires of incandescent lamp 
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bulbs. Steel wire, containing 38% of nickel, 
copper coated, has since been found better than 
platinite for this purpose. The nickel steel core 
expands loss than the glass, and the copper case more, 
and the expansions of the core and case are so 
balanced that the resultant expansion of the wire is 
made the same as that of the particular kind of glass 
t^ be used. 0 Tubes of steel containing 38% of nickel 
have been used in marine boilers^ and have befn 
found to^ast three tiijies as long»aifcimple steel tubes. 


6 — ( 5410 ) 
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CHROMIUM. 8TEKU* 

influence of Chromium. , Chromium is* pre-eminently 
a hardening agent, great hardness being conferred 
on steel by from l to 2% of this element. Independ- 
ently of the carVhn content, the hardness increases 
somewhat 'with c the addition o\: chromium.' Resides 
being a hardening constituent, chromium raises the 
critical temperatures on heating, but the effect is not 
very great, 1% of cluomium raising the critical point 
30° or 4(J° C. The transition of hardening carbon to 
pcarlitic carbpn ,is, however, hindered by chromium 
which retards the decomposition of the solid solution 
into iron and carbon, especially when present in 
amount exceeding 3%. Chromium decreases the 
tendency to crystalline growth, and gives the steel 
film or dense grain. Combined with nickel or vana- 
dium, this element gives the strongest and best- 
wearing commercial steels, whieh can also be machined 
easily. Sucfe steels are usod for geara from which it 
is almost impossible to break the teeth, also for 
crankshafts of internal combustion engines and other 
parts subjeetdcl to heavy service. 

Manufacture c of Chromium Steel. Chromium steel 
may be made in either the open hearth, electric, 
or crucible furnace! Bpoadly sneaking, low-carbon 
ch#omp*m steels for case-hardening* are made in 
the open (health, and high-carbon steels for heat- 
treating ares* made in the electric furnace. At the 

* St£ Appendix II, p. ICO, Paper No. 7. 
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temperature of molten steel, chromium is capable 
of reducing iron oxides. It may bo added — as 
ferroclirome — any time during melting in the electric 
furnace, but in the open hearth the practice has been 
to add just tong enough before casting for it to be 
melted and become well mixed through the charge, 
care being taken that- the slag is not in a stron gl- 
obalizing coalition. The ingot moulds must be 
in good condition and the steel teeny ‘d very carefully. 
Chromii$n steel is jvorked by Kie same methods 
as carbon steels, but it is always hsed in the heat- 
treated condition, toughnosfc being imparted by the 
fine-grained structure which is characteristic of 

chromium ^tcel. 

• 

Structure of Chromium Steels. 'While nickel is 

found in the ferrite, part, of the chromium in steel 
is always found in the form of a carbide. A certain 
portion of the chromium is soluble in iron, but the 
amount dissolved never exceeds 30% outlie ehromium 
present.. Chromium is associated with the cementite 
and dock not react with carbon to the exclusion of 
iron. The carbide may exist as ii^m-t-hroniium 
carbide or as a solution of Fc 3 C §nd (> 3 C 2 . Iron- 
chromium cementite is not as readily dissolved or 
diffused v as ordinary cementite on heating, nor does 
it segregate or separate to form pearlite as # readily 
on cooling. Carbon steel containing over 0*87% 
carbon contains free carbide of iron •enmeshing* the 
crystals and tending to make the # 8teel brittle. When 
chromium is nresoift, a lower percentage of carbon 
results in the formation of free carbjde. 1%e iron- 
chromium-carbon system i^ rather complex, and the 
double carbides are not of definite composition. The 
critical temperatures of chrofhium steel depend on 
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the rate of cooling. The micro -structure of 
chromium steels are shown diagrammatically in 
Fig. 20. 

When the chromium is above 7% in low-carbon 
steels, or 5% in high-carbon steels, the steel is com- 
posed only of martensite. Heat treatment lias little 
oc no influence except to 'refine the grain. Increasing 


t* 



Carbon, % 

Fig. 20. -Constitutional Diagram or Chromium 
Steels. 

« 

the chromiupi above a certain limit fails to produce 
the- austenitic condition. The peariitic steels are 
those. of greatest usefulness.' 

Heat ^Treatment of Chromium Steels. Chromium 
steels are actiye in response to heat treatment* 
Chromium intensifies the sensitiveness to quenching 
and reduces the liability of the steel to fracture. 
Chromium steels are very sensitive to variation in 
the* temperature from which they are cooled. The 
amount of undercooling which may occur before 
the critical Change takes place depends on the tem- 
perature to which the’steel has been heated, *and on 
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the proportions of cliromium and carbon present 
in the steel. It has been suggested tliat the addition 
of chromium docs not result in the lowering of the 
temperatures of critical changes on cooling if sufficient 
time is allowed for the decomposition of the solid 
solutions. If the viscosity of the solid solutions is 
sufficiently high to prevent .the change taking pl&qp, 
ttyi steel is V air hardening.” It can, however, be 
softened by annealing just belov^ the Acj point. 
Chroihimn widens Jhe tempering range and the 
steels may be tempered up to 700° J. 

Mechanical Properties of Chromium Steels. Chrom- 
ium lias little effect on the mechanical properties of 
annealed steel, but more improvement m (effected 
by heat treatment of chromiupi t ham carbon steels. 
Chromium increases the elastic limit and maximum 
strength without appreciable loss of ductility. The 
yield point is 80% or more of the maximum strength 
if the chromium content is greater tlupi 2%. Clirom- 
ium also increases the hardness and resistance 9 to 
shock ahd alternating stresses. A very wide range 
of properties may be obtained for apy #one steel. 
Although the • mechanical properties conferred by 
chromium are of a high order, the important effect 
of the x carbon content should not .be overlooked. 
3% chromium steel is a useful composition. 12% 
chromium steel hardens to 100 tyrns per sq. in. 
maximum strength when air-cooled from rfbove 
900° C. ' * 

In case -hardening steels chromium tends to 
increase the % rate of penetration of carton and 
gives a hard case.* A sujall amount, of chromium 
confers greater homogeneity, strength* and wearing 
qualities. 
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Uses Of Chromium Steels. Chromium steels are 
used principally whenever hardness is desired, for 
example, in projectiles, stamp shoes and dies for crush- 
ing hard ores, in drawing-dies, etc. ; their high clastic 
limit is an additional factor which makes them suit- 
able for crushing machinery. In America, chromium 
steel is used in three- and five-ply plates, i.e. welded 
together alternately with wrought iron, for burglap- 
prpof plates, llj^h quality files are made of 1*8% 
carbon and vhromium, steel. Chit els and 

impact toofs, ax£s and hammer heads are also made 
of low chromium steel, the latter sometimes con- 
taining from 0-0 to 0*7% carbon and from 0-0 to 
0-0% chromium. Chains and track bolts are some- 
times made of chromium steel with low carbon 
content (0-3%t). •Chromium steel is used for balls 
and rolls for bearings, ball races, etc., on account of 
itH high resistance to wear and abrasion. The steel 
previously employed for ball bearings was carbon 
steel case-hardened. The steel now favoured contains 
approximately 0*8 to 1-0% carbon and 1*2 to 1*0% 
chromium, and may have a Wximum strength of 
130 tons per $q. in. Balls of less than \ in. diameter 
are usually hardened by quenching in water from 
about 775° C., and larger balls from about 800° C. 
The ball« may be temper^l at 200° C. without reduc- 
ing the Jiardness but the toughness is improved and 
strains due to quenching are released. Balls of f in. 
diameter, tested by the 3-ball method, should with- 
stand 50,000 lb., I^e pressure over the area of 
contact being then greater than? 1,000,0001b. per 
sq. in. ^t is the double carbides in efiromium steel 
which increase the resistance to wear. 

The suitability of chromium steel for magnets 
was indicated by Professor Brown of Dubliq, in 1009, 
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who examined a range of steels, made by Hadfields, 
Ltd., containing 0-75 to 0-5% chromium. They had 
high coercive force {see Fig. 110, p. 104) but no advan- 
tage was obtained by adding more than 2£% to 3% 
of chromium. Professor Brown found that a steel 
containing 0*80% carbon and 1*95% chromium 
made the bcftt chromium •steel magnet. The w^r 
brought a f'cngsteii famine, and in Germany the use 
of chromium steel was resuscitated^ n 1917, as it was 
found ttiat with careful treatment good magnets 
are obtained. They do not, howtver, t*.omc up to 
tungsten steel magnets in duality and are still more 
inferior to cobalt steel magnets (p. >1 1 ). 

Steel containing 20% of chromium is very resistant 
to acid corrosion. Steel highly resistant. corrosion 
containing about 12% chromium § is considered 
below. Steels containing from 7 to 8% chromium 
resist scaling, and such scale as does form is par- 
ticularly adherent and affords a cert ain amount of 
protection against further attack. 

Steel containing 40% chromium and a little molyb- 
denum* can be boiled* in salt and citric acid, and be 
heated to from 800 to 1 100° 0. for an indefinite time 
without scaling. 

Rustiest (Chromium) Steel. In view of tjie impor- 
tance o! the metal chromium in its many applications 
— which include iron chromium aljoys for the pro- 
duction of armour plates, projectiles, axles, tyres, 
springs, motor-car and aeroplanS steels, rustless steel, 
articles to resist Wear and* tear, and for many other 
purposes — it\iay be of interest to trace fcrieffy its 
history and its usfes. 

Chromium was first discovered by fauquelin, ihe 
French fhemist, in 1797, during the stormy days of 
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the Republic. Then Berthier, Fremy, Boussingault, 
carried out laboratory and other experiments. In 
England, Faraday made experiments on iron alloyed 
with chromium in 1820. In 1869, Julius Baur, at 
Brooklyn (N.Y.) carried out many investigations 
and made some practical applications of chromium 
stj^el, but the first introduction of the* steel for use 
in industrial purposes was probably due/o Brustleip 
of the Holtzer Cojnpany, who paid special attention 
to this particular steel. Ijrustlein conflmenced 
his experinfents «n France in 1875, and his firm, 
Holtzer, first supplied chromium steel for industrial 
purposes in 1877. 

Brustlein’s able work was recognized in France by 
the Soci^td d’Encouragement pour* 1 ’Industrie 
Nationale, wli$ awarded him in 1903 a prize of 
2,000 francs for liis work on this type of steel. 

Notwithstanding the work done by those men- 
tioned, however, no correlated data or systematic 
research had been presented as to the effect of 
chrpmium alloyed with iron in varying percentages 
either in this country or elsewhere, until Sir Ttobert 
Hadfield’s paper on “ Alloys of Iron and Chromium ” 
was read before the I^on and Steel Institute in 1892. 
Between 1890 an<f 1892 Hadfleld made a series of 
alloys of iron and chromium varying from 0*22% 
up to 16-74% Cr., comprising a range cf 15 alloys. 
In seven of these alloys the carbon present amounted 
to 0-2£%or undey ; in five of them the carbon content 
was from 0*40% to *1*00% ; and in the remaining 
three there was from 1*27% to 2-11% carbon. 

Ddtailtfl information was given in* this paper 
concerning tiie^nfethod of manufacture, composition, 
forging, heat ^treatment, mechanical and physical 
testa, micro structure, and other particular/. In 
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thia paper, too, the subject of i/he corrosion of 
chromium steel, now so important- a matter, was first 
taken up. Hadfield proved clearly that high 
chromium steel — for example, specimen “ L ” men- 
tioned in the paper, containing 9-18% Cr. — was 
quickly corroded or eaten away by sulphuric acid. 
He was therefore, the first to show that alloys pf 
ijjon with high percentages of chromium would be 
of no value under this particular J[ype of test, and 
in practice this ha^ proved t« ^>e the case. This 
was therefore, a specific and practical fa$t regarding 
corrosion, knowledge of which afterwards proved 
of considerable help in the development of the steel. 

Accompanying this same paper to the Iron and 
Steel Institute was the valuable repoitf, by the 
great French metallurgist, l*rofessor Gloria Osmond, 
who was an intimate friend of Sir Robert Hadfield’s, 
in which the following statements were made with 
regard to the two specimens “ J ” and “ L ” — 

As regards Specimen 1170 J, 0*77,% C. ; 0*50% 
Si. ; 6*19% Cr. ; “ ThiB metal is characterized Jiy 
the presence of a nufiiber of small white points of 
great hardness and brilliancy, which, ane scarcely 
at all attacked by the *acid, as jfhown by the photo- 
graph. These white points, which we found to be 
still more numerous in saipple “ L,” .appear to be a 
compound of iron, chromium, and carbon. The 
matrix has the structure of hardened steel, and is 
entirely composed of simple cells of qjxmt 0*00 l*mm. 
diameter. The photograph ^hoVs the white points 
well, also the fact Utat composite structure is absent.*’ 
Concerning 'Specimen 1170 L, 0*71% C.* 0-30% 
Si. ; 9*18% C?. : m As regards the speqmfen annealed 
at 1320° C., the amount of chromium i£ much higher 
than ill “ J,” and the transformation of th^ matrix 
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into hard metal ‘ little capable of being reacted upon 
by acids ’ and no longer showing the reaction of 
hardening carbon, is almost complete. The etching 
with nitric acid may be continued as long as two 
minutes without sensibly altering the appearance of 
the sample.” * 

*The same facts also apply to the thtec steels — 

Specimen 1176M. 1*27% C; 0-38% Si f 1 M3% Cr f 
„ 11701*, 1*79% C ; 001% Si; 15-12% Cr ; 

„ JI70O. f #l2%C; 1*20% Si ; 10-f4%Cr. 

It will be seen that th5 above specimen L, and the 
three steels M, Nj O, were all forerunners of the present 
rustless steels. 

In his conclusions regarding the chromium steel 
alloys mentioned ,«()siyond stat ed that as the amount 
of chromium increased , a compound of iron, chromium 
and carbon appeared to be formed, which was 
only partly attacked by acids and possessed great 
hardness. 

it will thus be seen that- as a result of the researches 
of Hadfield and Osmond important information was 
obtained i*i Qie development of chromium steel of 
various types, including steel of a composition not 
very dissimilar to that- now used and known as 
rustless #teel. .In mentioning this early work it is 
not with any desire to detract from the excellent 
work of severfj later investigators. As regards 
corrosion qualities, the facts set forth by Hadfield 
and Osmond, who forked together in the matter, 
were certainly the earliest*records demonstrating that 
the resistance of chromium iron alloys varies with 
the nature <ff the attacking acids. * Such steel was not 
further developed at the time because it was then 
most difficult to obtain suitable chrojnium or 
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ferro ‘chromium of the required low carbon type, at 
any rate at prices which would enable industrial 
products to be manufactured. 

The characteristics of the present non-rusting 
chrQinium steel are the product of many minds 
and much research. Sir ltubcrt lladfield in his intro- 
ductory address at the symposium on “ The Corrosion 
Metals ; ^Ferrous and Non-Ferrous,” also in his 
contribution to the discussion on ^iis paper entitled 
“ The dorrosion of ferrous MHals,” read before the 
Inst, of Civil Engineers on 4th A jail, ]f)22, pointed 
out that full credit should he given to Messrs. Thos. 
Firth & Sons, Mr. ,11. Brearley, Sind I)r. W. II. 
Hatfield, fo^ the work they liad done in developing 
elm mium steel possessing high rust-resisting qualities. 

In a paper entitled “ Stainless Stools ” read before 
the Midland Institute of Mining, Civil, and Mechanical 
Engineers on 8th April, 1922, I)r. Hatfield stated 
that it was in “ 1912-1919 that Mr. Harry Brearley 
discovered that the 12% to 14% chromium steels, 
when in the hardened condition, resisted successfully 
generaf atmospheric and many other active influences 
which lead to corrosion.” 

It has been pointed out by Di* J^tchison and others 
that rustless steel is not one steel but a group of 
steels, v They are generally made . in tl\p electric 
furnace, but with proper care can also be mode 
successfully in the open hearth. t The percentage 
of chromium lies between 11% and 15%, anti the 
carbon content is usually le'ss # than 0*45%. If the 
carbon is lowered^he chromium may be lowered too. 
Silicon gives a cleaner and sounder metal anft neutral- 
izes the effect of carbon, byt it is kept las# than 0*3% ; 
manganese is less than 0*5%, and sulphur and phos- 
phorus %re kept as low as possible. A little nickel 
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is sometimes present, but it possesses no beneficial 
effect. If the cutting properties are of subsidiary 
interest, the carbon may be as low as 0*15 to 0*20%. 
As mentioned above, chromium has the effect of 
lowering the eutectoid composition of steel to a 
considerable extent. With 12% chromium, the 
ei^ectoid occurs at 0*3% carbon aftd this steel 
consists almost entirely of pearlitc. It # is only thiy 
amount of carboy which goes into solution at the Ac 
point, 800-830° C., 4 he rest of tfce carbide dissolving 
progressive^ over a range of about 200° C. The 
sulphur present seems to be in solid solution. The Ar 
point occurs at about 750° C., but the steel possesses 
marked air-hardening properties, liigh-carbon stain- 
less steel* is austenitic and rather soft, but not 
machinable, it .becomes hard when stressed or 
tempered. 

Mechanical Treatment of Rustless Steel. Great 
care is required in the mechanical treatment of 
rustless steel owing to its air-hardening properties. 
When the carbon is less than 0*2%, the steel lb easily 
forged under t}ie hammer ; if the carbon lies between 
0*2 and 0*4% the s^eqjt can only be forged into simple 
shapes ; and when the carbon 1 exceeds 0*4% the steel 
is difficult to forge. Aboye 0-5% carbon, the steel 
has great strength at high temperatures. The 
forging temperature is usually about 1000® C. Forg- 
ing hfegins at 11£Q° C., and should not be continued 
below 900° 0., in ffifct, the temperature range 900 
to 850° 0. is to be avoided. If ftie steel is forged 
.belo& 839° G. it will be cold-worked. . lifter forging 
or rolling, the ,steel shoulj be co6led slowly in the 
range 800 to *600° 0. to enable the carbon change 
to take^place so that the steel may become* soft. 
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Rustless steel may be drop-stamped between 1200 
and 1000° C. ; any fashes formed should be removed 
while hot. 

Heat Treatment ot Rustless Steel. When the 
carbon content exceeds 0*25%, rustless steel possesses 
the useful properly of air-liardcning, this capacity 
increasing with the t emperature to which the metal 
is heated. With free cooling from 900° C., a ball 
hardne^| of 500 is attained* ^'fhe air-hard etring 
property induces a lessened tendency# to cracks, 
warping and soft spots requires care in the 


, STABLE IV 

Temper Colours of Rustless Steel 


Temperature, 0 C. 

Teirtper (foloftrs. 

300 1 

Straw 

350 

Brownish straw 

400 

Brownish purple 

450 

Bluish purpl# 

500 

Reddish purple 

550 

Purple blue 

600 

Light blue 

650 

Bluish violot • 

*700 

Greyish niolet 

,750 

Grey 


' i • 

course of manufacture. The steel may also be 
hardened by quenching in oil or water from 920° C., 
the choice of hardening medium appending cm the 
section under treatment and tfoe hardness desired. 
Properly hardened rustless s&el has a martensitic 
structure witf\globules of the double iron-fljiroifiiuin. 
carbide. To sSTten rustless steef /op machining, 
filing and chipping it is Innealed at €00 to 750° C. 
In t&ating this steel the* use of a salt bath is 
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advisable, and temperatures should be controlled 
by pyrometer. As a matter of interest, the 
temper colours of rustless steel are given in 
Table IV, as they are not the same as those of 
carbon steel. 


'Mechanical Properties qf Rustless Steel. The range 
of tensile strength obtainable varies witji the enrboji 
content approximately as follows — 

Tensile, 


Cjarbon. 

(H to 0-2 
0-2 to 0*3 
0-3 to 6-4 


Strength. 
40 to 80 
4.'5 to 90 
50 to 105 


Hardened in air from 950° 0. or in oil* from 920° C. 
and preferably Jtempeipd at- 200° C., a tensile strength 
of 100 tons per sq. in. is obtained {see Fig. 21). For 
engineering purposes the steel is generally hardened 
in oil by quenching from 900° to 920° C. and tempering 
at 650° to 750°'C. ; the mechanical properties shown 
in fable V are then obtained — 


TABLE V 

Mechanical Properties or Rustless Steel, as used 
for Engineering Purposes 

Yield Point, 30-55 tons per sq..in. 

Mffccimum Strength, 45-65 tons per sq. in. 

, Eldngation, # 28-l 5 %. 

Reduction «of Area, 65-35%. 

Izod Test, 70-2O'ft.'-lba. 

Irf tempering, there is not much cfy&ge in tensile 
properties between 050° and 750®\>., and therefore 
very great care is not nlcessary. Up to 500° C., 
the toughness increases without much fall in hardness, 
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but the ball hardness drops considerably in the 
range 575° to (150° C. Then 1 is a drop in the Izod 
test oti tempering at 500° 0., indicating a tendency 
to brittleness at this temperature. The coefficient 
of expansion of rustless steel is 0*000 010 0 per 1° C. 



Fid. 21 . — Mechanical Proi^uties of Rustless Steel. 
Carbon O-SOVo ; chromium 12% ; air-lumleneiV 


Resistance to Corrosion. Rustless steel is practically 
unaffected by moisture, fresh* and salt water and 
such organic'wicids as occur in fruits. is# not 
affected by v?lwgar unless tempered, to 700° C. 
Rustless steel is resistant* to strong V weak nitric 
acid dbd concentrated or dilute solutions of ammonia 
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whether cold or boiling. It is not resistant to 
sulphuric acid and caustic alkalis. It may be etched 
by a mixture of concentrated hydrochloric and nitric 
acids, or by a saturated solution of ferric chloride 
in hydrochloric acid. . 

The way in which the material is heat-treated 
affects it s non-rusting properties . Maximum resist ance 
to corrosion occurs in the hardened condition, but it 
is not much diminished by tempering up to 700° C. 
The resistance to fcoprosion is not merely s^in deep 
but the surface should be smooth with a good polish 
and free from strained* parts. If the material is 
scratched, torn or distorted, it has been cold worked 
to some extent, and this is "detrimental. Special 
care and attention should be given to grinding rust- 
less steel. IJigh-carbon steels (with more than 
0*5% carbon) are more subject to corrosion than 
low-carbon steels. 

Rustless steel does not scale appreciably up to 
800°-850° C. It is twenty-five times more resistant to 
scaling (as measured by loss in weight after exposure 
for a definite period to oxidizing conditions *at high 
temperatures than is ordinary carbon steel. It is 
also better in this respect than 25% nickel steel and 
high-speed steel ; Consequently it has met with some 
application for aeroplane engine valves and similar 
.purposes! In addition iis strength, and to some 
extent ids hardness, are well retained at these high 
temperatures. # 

When the chromium content is increased to 
14-18% and from 2-1% of silicontis added the steel 
is stktedi/O he rustless in the untreate^Condition . In 
addition tor being made into cutlery this material 
is also used fer valves an& similar parts which must 
resist scaling. 
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Applications of Rustless Steel. Tlio commercial 
utilization of the non-corrosive properties of high 
chromium steel has been regarded as one of the 
outstanding events of the last decade in the metallur- 
gical, worlfl. It has been applied to all classes of 
cutlery, including razors and surgical instruments. 
It can be drawn into wire ffnd stamped into dishea. 
It* may soon C»e of general use in the workshop, and 
its application to docks, ship construction, and 
bridges #ould offer great advanfafes. Rustless steel 
has recently been tried in the form (ft turbine blades. 
Experiments carried out by for. W. Hatfield, Messrs. 
Thomas Fifth and the British Thomson Houston 
Co., at both .the high and low pressure ends of a 
turbine, demonstrated t hat rustless steel blfcdes were 
practically untouched while th« standard 6% nickel 
steel blades were corroded in the usual way. The 
mechanical properties pf the two materials were as 
in Table VI. 


TABLE VI 

Nickel Steel and Chromium Steel for Turbine Blades 



12 % i 

Chromium | 
• Steel. | 

5% Nickel 
Steel. 

Yield Point, tons per sq. in. .• . . 

44 

3 25 

Maximum Strengths tons per sq. in. . 

54 ! 

55 

Elongation, % 

20 

* 31 

Reduction of Area, % . . . . 

* 60 

01 

Ball Hardness ^ J 

: , 

255 

150 


In a byd rait^jjump , a rustless^ steel Am waj 
only worn one-seventh as^much as the *non-ferrou 
rams. 

In this, connection, trials may be mention# whicl 

7 — (5410) 
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have been made by Sir Robert ITadfield on forged 
pump rams made of rustless chromium steel, at the 
Hecla Works, Sheffield, under conditions such that 
frequent observations could be made of the behaviour 
of the steel. The conditions under winch the .tests 
were made were somewhat severe, the water passing 
tiirough the pump in a circulating 1 system, and 
becoming very muddy owing to the iroi. oxide result- 
ing from the corn >sion of the pipes. Rams of ordinary 
steel were (j found ’ unsuitable, due to rapid rusting 
and pitting, and ordinarily phosphor bronze rams 
were used. After two years’ service these were very 
much worn and had to be machined to a smaller 
diameter ; they then lasted for a similar period before 
being discarded. The ram of rustless steel was 
examined after being used for a period of eighteen 
months, and from the point of view of corrosion, 
it was found to be in perfect condition, except for 
a few slight pit marks ; the amount of wear was 
only 0*01 in. on the diameter. The results have 
fully justified the use of this gteel for such purposes, 
even though its cost is higher than that of ordinary 
steel. 1 1 

Ah interesting application of rustless chromium 
steel during the war was its use to resist the severe 
oorrosiv? influences to ■ which certain naval con- 
structions were exposed. As an dxample there may 
be mentioned 6he diaphragms used in connection 
with submarine work, of which large numbers have 
been made of “ Ga^had ” non-rusting steel at the 
Ht^fleld Works in Sheffield. ^These diaphragms 
are usdd for taking up vibratiog^m hydrophones, 
and considerable difficqjty halbeen experienced 
with such parts of submarines. After exhaustive 
tests 6he rustless steel described aboye quickly 
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proved its superiority ; in Addition to withstanding 
sea water attack, the acoustic, properties of this 
steel proved to be superior, for example, to those 
of high nickel steel, which is fairly resistant to 
corrosion.* The acoustic qualities depend on the 
hardness and the elastic limit of the material, which 
properties are quite high iff the ease of the rustless 
steel. It nu«y be mentioned that these rustless 
steel diaphragms after being immersed in sea wa*er 
under sAvice conditions for six* Aonths, were found 
to be in practically the same condition as when 
first fitted. The act ual loss of metal due to corrosion 
during the period of immersion was practically nil — 
a remarkabW testimony to the non-rusting quality 
of this material. 

Rustless Iron. Rustless iron is really rustless 
steel containing about 0*1% carbon. Boon after 
rustless steel was .first manufactured it was found 
that rustless iron could be produced* by much the 
same pip cess except; fry the use of a smaller quantity 
of carbon -free ferro-ehrome. As this essential 
product in its manufacture is experfcdve, rustless 
iron is more costly than rustttjssi steel. Ordinary 
ferro-ehrome contains from 5 to 9% carbon. 

Rustless iron is usually made in the electric' furnace. 
It is softer than rustless steel and readily frygeable ; 
from four to six times as much forging can be jlone 
in one heat as on rustless steely. Jt c£n be tempered, 
its mftximnm strength varying^ from 70 to 30 tons 
per sq. in. according to the heat-treatment giyen. 
Because of its ^ability, it has a* wider fange of 
use in forging, pressing *nd drop pimping than 
rustle^ steel, and is more, readily machined. A 
useful application is in the production oft sheets 
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for motor-car hoods, wheel discs, etc., and its use is 
in contemplation for motor car bodies and in replacing 
nickel plated parts and other products subject to 
corrosion or tarnishing, thus eliminating painting 
and varnishing. It is expected in some quarters 
that rustless iron will modify the light metal industry 
ift the futuie. * Although it is more expensive than 
brass, it can be kept clean more easily. - The mechan- 
ical properties Gf rustless iron make it suitable for 
the production of 4 intricate drop forgings? weldless 
drawn tubes, st?ip and wire which may be made up 
into door mats, spring mattresses, necklaces, watch 
chains, etc. It is used for the production of golf 
clubs, kitchen utensils, shop signs, dovr plates, etc., 
and maf be used for the furnishings of railway 
carriages, en$nes and rolling stock generally. 

Spoons and forks made of this alloy take an 
excellent polish, slightly darker than but closely 
resembling silver, and withstanding wear and tear 
much better £han the latter. Rustless iron sheets 
w4th a high polish are also uqed for mirrors, 
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SILICON STEEL 

Effect of Silicon. Silicon is soluble in iron in quan- 
tities’ up to 16%, and has a double effect-. Part of 
it combines wii-h the iron and remains in solid solut ion 
during cooling of the alloy, while a smaller part 
reduces the iron oxide present. Silicon is a powerful 
deoxidizer, and has a tendency to remove gasfes 
and oxides from steef, thus preventing the formation 
of blowholes and giving the steel greater soundness 
and toughness. It is about four times as active 
as manganese, but excess beyond about 4% makes 
the steel harden forge and roll. Silicon is detrimental 
to welding if the carbon -content is li^h. The first 
additions of silicon to steel produce no effect on the 
microstructure except ty> increase the grain size. 
With 2% silicon, the grdin becomes quite coarse and 
cannot be altered except by considerable mechanical 
working. If the silicon content is in Abased to 5%, 
the carbon present maf be partly carbide and partly 
graphite, but the whole can be precipit ated as graphite. 
With more than 7% silicon, the graphite is embedded 
in a ground mass consisting of th£ solid solution of 
FeSi in iron. Carbon in the form of graphite has 
a much less damaging effect on the magnetic properties 
of iron than in the dissolved state or in the form 
of cementite. ( See also Sir Robert fiadfleld’s paper 
on the Alloys of Iron and Silicon, Appendix II (2), 
No. 4.) 

Silicon steels^re generally made in the acyl open- 
hearth furnace. 4&*e silicon must be added to the 
bath only a short time before teemingsas the metal 
79 
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is readily oxidized. Owing to the short time available, 
the silicon is usually added by means of ferro -silicon 
or specially high silicon alloys while hot or in the 



molten state. Care jthould be taken in rolling silicon 
gtegls as they are liable to be cracked by heavy 
reductions^ 

HeohanioafPropertiei of Silicon Steels. The strength 
ol iron»is increased slightly by the addition of siUcon 
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in proportion to the amount added up to about 
4%. Up to 2% or rather more the elastic limit 
is raised without appreciably impairing the ductility, 
and 3$% silicon steel though quite stiff can be bent 
at right %ngles. With 4% silicon and above, the 
elongation and reduction of area are nil and the 
alloys are quite brittle. The maximum strength 
also decreases when the silicon-content exceeds 4% 
($ig. 22). This may be due to the formation of 
graphite^ and the yi^ld coincides # with the breaking 
point. Alloys of iron with more tlym about 5% of 
silicon are not forgeable. Unlike carbon, silicon 
does not confer upon iron the property of becoming 
hardened when quenched in water. Silicon steel has 
low resistance to impact which is not indicated by 
the usual tensile test ; it also shows nicked weakness 
when broken transverse to tlie/direction of working. 
As the silicon increases it is more difficult to stamp 
the steel in the form' of sheets. The magnetic 
properties of silierfn steel are discussed below ; in 
practice an economic balance is struct between the 
mechanical properties* the magnetic properties and 
the cost. 

Magnetic Properties of Silicon ’Steels. Between 
1895 and 1900 Sir Robert Hadfleld. made a large 
number of alloy stpels, and with the collaboration of 
Sir William Barrett, investigated their Magnetic 
properties. The results published in^l900-02 shewed 
that the only two which appealed* to be of commercial 
value were the ir«i-aluminiuinf and the iron-silicon 
alloys, both produced by Sir Robert Hadfigld. *On 
account of the 4 iififch lower cost and the greater 
ease and uniformity with* which the silicon alloys 
could made, efforts were ^concentrated op tjiese, 
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The 2i% silicon steel, rolled into sheets, had 25% 
higher maximum permeability and a hysteresis loss 
two-thirds that of pure iron. The electrical resis- 
tance was also increased at the rate of 10 to 12 
microhms per cm.-cube for each 1 per cent,of silicon 
added ; this is an advantage as it reduces the 
eddy-currents loss. t e 

After overcoming many difficulties th^s remarkable 
discovery eventually led to the adoption of the 
Hadfleld material, i/i transforpers and plectrical 
machinery.* The f( performance of transformers, in 
particular, depends on the characteristics of the iron 
used in their construction. At the beginning of the 
present century the best transformer sheets were 
made of Swedish cliarcoal iron having* a maximum 
permeability of, about 4,000, and a hysteresis loss of 

3.000 ergs per cu. cm. per cycle. A type of mild 
steel, known as “ Lohys,” was made by Messrs. 
Sankey, and possessed a maximum permeability of 
3,800 and a hysteresis loss of about 3,000 ergs per 
cu. cm. per cycle, the maximum induction being 

10.000 gausB and the frequency 60 cycles per 6ec. 

The ageing properties of these materials were 

such that, in many cases, the losses increased to double 
or more in a few 'months, necessitating dismantling 
the transformer and annealing the iron sheets. 
The Hadheld low-hysteresis steel, however, shows 
no ageinfc, in fact, the material usually improves with 
servio3 (see Fig£ 24). In addition tp the higher 
permeability than iron for magnetic forces below 
saturation, the coercive force and retentivity were 
redifted to nearly half those of standard iron. 

Messrs. Sankey, who acquired tkraadfleld patents, 
have produced very large 'quantities of this material 
under tlje trade term “ Stalloy,” * 
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In America the licensees fvere The United States 
Steel Corporation , tlirough their subsidiary com- 
panies the American Sheet and Tin Plate Company, 
the General Electric Company, the Westinghouse 
Electric and Manufacturing Company, .also the 
American Rolling Mill Company. 

It is not often that an invention can be followed 
in ‘detail from its source, but in this case it is easy 
to do so. The first transformer made by Hadfield of his 
lotf -hysteresis steel f \^as built in # 1903 and, weighing 
only about 20 lb. t was really a laboratory apparatus. 
Tlie success of this experiment was so great that 
immediately afterwards the Sheffield Corporation 
made two further transformers 'of the Hadfield low- 
hysteresis material, of 40 and 60 kW capacity. 
These have bj^n running ever since 1905 and 
1906 respectively, and the material in them, when 
tested in September, 1921, was found to be of even 
higher efficiency than when first put to work, that 
1 b there haB been no ageing or dimfnution of quality, 
but on the contrary an improvement. These three 
transformers are shown in Fig.*23. 

This material has been found of immense benefit 
to users of electrical machinery in which the main- 
tenance of low hysteresis loss is of primary impor- 
tance. It has been estimat ed that the total saving 
effected irf coal alone has already reached 60,000,000 
tons. In* addition to this, there are the resulting 
advantages and economies which the new material 
has made it possible to effect in the design and 
construction, also the diving in copper in transformers, 
dynamos ^nd other electrical apparatus. 

The results rf this inventioif^fre emphasized 
because they ashlow how from small beginnings 
great things spring. ’ ’ Thus from a small experi&ent, 
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costing but a few pounds, the present day large scale 
application of the Hadiicld low-hysteresis material 



Fro. 24. — Diagram Showing Saving in Electrical 
Energy due to the Use of Lqiv -Hysteresis 
Steel in the 40 kw Trans former Illustrate* 
in Fig. 23# 

has evolved. jOf such magnitude lias it Jjecttoie— 
and it will bo still greater during th<?i>ex* ten years— 
that in 1921 Dr. Yensel, in estimating the total 
saving to the world during -the first seventeen years 
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after the introduction of the* Had fie Id low -hysteresis 
steel, calculated that it amounted to the immense 
sum of 340 million dollars which he said “ would be 
nearly enough to build the Panama Canal.” 

Fig. 24 shows the continual saving i*i energy 
consumption effected by the use of low-hysteresis 
material in the 40 kW transformer mentioned above. 
Tlio actual saving would in point- of fa^t be greatej* 
than the figures shown as, in comparing the magnet- 
izing losses with of transformer iron, yie well- 
known ageing qualities of the latter material have 
been neglected. 

The remarkable magnetic properties of silicon 
steel are brought out by a do'uble heat treatment 
which consists in annealing the sheets *at 1070° to 
1100° C. for seyral hours and cooling quickly, then 
reheating to 750° C. and cooling slowly, although 
a single treatment at about 800-850% is sometimes 
employed. Annealing decomposes the comentite 
(Fe 3 C) but the temperature is hot carried high 
enough for tfie carbon to pass into solution. 
Th<? steel should contain the smallest possible 
amounts of carbon, manganese, and other impurities. 
Increase in grain size increases the • eddy-current 
losses and permeability, at least in low and medium 
fields. # 

Transfolmcrs ‘of the Hadfleld silicon steel were 
first madfe in the United States in 1900, and in 
1910 Sir. Morton *0. Lloyd calculated ttyrt. this steel 
was saving that country about ten million dollars 
worth of electrical enlrgy per annum. 

D \tb to the improvements effected injnanufacturing 
processes and tto use of better*t$w materials, it 
is now possible lo make tie 4% silicon alloy with 
an energy loss slightly* greater than 1 watt per 



StLICON STEEL 


87 


kilogram, instead of 1-8 watts per kilogram* obtained 
when the material was first produced, and the 
permeability may be increased to 8,000. It has 
also been shown that the material can be still 
further improved by special methods {see Table 
VII). 

In 1915, Df. Trygve D. Y arisen, of the Westinghouse 
laboratory, jpublished his results on iron-silicon 
alloys melted in vacuo. The crystal size was much 
greater 4han in the less pure allots, and the ductility 
was greater due to the absence* of cftrbon. The 
limit of forgeability of these Special vacuum alloys was 
7 to 8% silicon, byt a brittle range occurred at 
2-5 to 2*6%. The tensile strength of the 4*5% 
alloy attained 52 tons per sq. in. As regards mag- 
netic qualities the best alloys confined 0*15 and 
3*4% silicon respectively and, after annealing at 
1100° C., showed hysteresis losses one-half and one- 
third of those of the corresponding commercial 
alloys. With refined methods of Reparation and 
vacuum heat treatment, these alloys have a maximum 
permeability of 40,000 or higher, and a hysteresis 
loss of 300 ergs per cu. cin. per cycle (fc>r Bma X — 
10,000 gauss f. Bars .of commercial silicon steel in 
which the carbon has been reduced to less than 0-01%, 
by annealing under oxidizing conditions, ^have also 
shown these superior properties. 

High Silicon Alloys. Steels of high silicon-intent 
are used on account of theft high resistance to 
chemical action* e.g. as containers *for sulphuric 
acid. Commercial alloys, like “ Duriran ”• and 
“ Tantiron ” (Tafile VIIJ), and “Jlrofl&c,” contain 

* With maximum induction 1/1,000 gauss and at 60 cycles 
per sec. ii bo^i cases. 
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about 14% silicon, but experiment lias sliown that 
over 20% silicon (corresponding to Fe^Si) must be 
used if the 1 ugliest resistance to corrosion is to be 
secured. Unfortunately these high silicon ferro- 
silicons ars fragile. 

Tantiron is used for towers for concentrating 
acids, and Irdnac principally for tubes and fittings 


TABLE VIII 

Composition and Stubnotii of Dupjkon and Tantikon 



Jluriron.’ 

Tantiron. 

Silicon . J . 

Mr-1 4* 5 % 

14-15 

Carbon . ». 

0-2 - 0-0 % 

0*75-1*25% (graphite) 

Sulphur. 

0*01- 0*0’>% 

0-05-0*15% 

Phosphorus. . . 

0-l(>- 0-20% 

0*05^*10% 

Manganese . 

0-25- 0-35% ’ 

2*00-2*50% 

Tensile Strength . 

l that of 
cast iron 

9 

6 to 7 times 
that of caBt iron 




used in'' the manufacture of nitric acid. “ Cor&s- 
iron ” is another high-silicon alloy alsjo resistant to 
corrosion and trusting. } 

M. S. W. Parr published in America the data given 
in Table IX, illustrating t the high resistance of 
ferro-silicon to attack by 25% nitric acid* 

Other Uses of Silicon Steels. During the Greafc War 
use was made of quaternary 'silicon-nickel steel, 
the nickel being present in t/bout tbs customary 
amoimt used in nickel-chromium steels. Thase steels 
are not easily macfe, but ^if carefully. pPepared and 
suitably treated they combine high Strength with 
considerable toughness, and ‘possess high resistance 
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to impact, making them in shine respects suitable for 
bullet-proof plates and similar purposes. 


TABLE IX 

Resistance op Various Metals to 25% Nmtiic Acid 

j Percentage 
Mrtiil. # Dissolved 

in 24 hre. 


Pure Iron . • . . . .j 100 

Aluminium (commercial) . • J 51 • 

Monel Motal f .... 19 

Nichromo (90/10) ». . . 8 

Copi>er- Aluminium (90/10) . . 3*5 

Ferro-Silicon . .« .! 0*1 


Mild steel %mtainyig 0-25% Si has been used in 
sovcral American bridges as it can be rolled into 
sections of lighter weight wliich, however, possess 
the same strength as the heavier mild steel sections. 
This type of steel was used in the 'construction of the 
Lusitania and Mauretania. 

Silicon steel (3 to 4% silicon) is employed *f or tele- 
phone difiyphiyigms as sounds of the same intensity 
can be produced witji considerable saving of electrical 
energy. Silicon steel of an Average composition — 
carbon 0*5%, silicon 1£ J>o 2% — is sometimes used 
for springs. In spring steel of this type, the man- 
ganese-intent js usually higher than in ordinary 
steels, being generally about 1*5 to 2%, hence these 
alloys are usually kribwn as silico-manganese steels. 



CHAPTER VI 

MANGANESE STEEL 

The first systematic investigation of alloys of ir?>n 
and manganese was made by Sir Robert Hadfield 
in 1882, when he invented the steel which canies 
his name, lie showed that ffy Q increasing the 
manganese content beyond, about 2£% the steel 
became seriously embrittled— this wgis partly known 
—and he 'further showed that by increasing the 
manganese content above 7% an entirely new metal 
was produced, the alloy containing 12f to 13% 
manganese possessing greater hardness and toughness 
than had previously been supposed possible in one 
alloy steel. This coniplete research was the first 
of its kind, and fremi it the modern field of alloy steel 
research has developed. The varicfhs papers by 
Hadfield on rnanganesfc steel are shown in Appedfiix 

mi). 

. The original castings of manganese steel produced 
by Hadfield, which were first exhibited in 1887 on 
the occasion of his paper read before the Institution 
of Civil' Engineers, are shown in Pig. 25. Additional 
applications of manganese steel at an early»date are 
shown in Pig. 20, which photograph was tal^n in 
1892. 

Influence Of Manganese. Manganese is ai^ element 
always found in steel, 80% ferro-mangpnese being 
usually added to the stell at the time of tapping 
or in ehe ladle, in order that oxygen may be absorbed 
91 
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Fio. 26 . — Eably Manganese Steel Castings and Fok< 
Exhibited by Sib Robebt Hapjtelp in 1892. 
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from the bath and transferred to the slag as oxide 
of manganese. Manganese .also prevents the coarse 
crystallization which sulphur and other impurities 
tend to induce. The maximum temperature to which 
it is safe to heat steel during manufacture and subse- 
quent treatment is raised by manganese which resists 
separation of the crystals on cooling and confers 
tlie quality of “ hot duct ility ” on ^he steel. ( Tn 
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Fia. 27 . — Constitutional Digram of Manganese 
Steels. 
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other words, manganese preyents “ fed shortness M 
and adds toughntfis to the finished product. 
t Manganese destroys the magnetic susceptibility 
of iron, 1 about 16% of the element rendering 
the iron 1 ’ virtually non-magnetic. When carbon is 
present, as in commercial manganese steel, a non- 
magnetic alloy is obtained, with a smaller percentage 
of manganese. 

Another property of manganese is its tendency to 
increase the stability of air-haiftening steels. 

The constitutional diagram of manganese steels 
is sho^p in Fig. 27,' The alloys of comfhercial 
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value are the austenitic steel containing 11 to 14% 
manganese and 1*2 to 1*3% carbon, and to a lesser 
degree the pearlitic manganese steels containing up 
to 3% manganese. The term “ manganese steel,” 
however, «convcys to the mind of the average man 
connected with the metallurgical industry the alloy 
containing afiout 1 *3% carljon and 13% manganese. 
TJiis invention of Hadfield manganese steel was the 
first industrial application of steel containing such 
high pei^entages of Jbhe alloying ^lenient. 


Pearlitic or Low-Manganese Steely Above 0-5% 
of manganese, the strength of carbon steel is increased 
without the* elongation being much diminished. 
From 1 to 3% of manganese imparts a Higher and 
better-defined elastic limit, bvft the cftictility begins 
to fall. In addition, the manganese increases the 
dynamic strength and gives a greater margin of 
hardening temperature. Thousands of axles and 
tyres are made annually containing *% manganese. 
In the United States* steel containing 0*8% carbon 
and 2*0% manganese, after receiving proper heat 
treatment, hag been employed for shear blades for 
the cold cutting of steel. A stfeefr containing 0*35% 
carbon and 1*50% manganese was found to have 
properties equivalent to fhose of 3|% niekel steel 
with the same carbon content. 

Manganese Steel. If *the # 1nanganese in steel 
is increased abovl about 3% 4 (or aborrt 2% if the 
carbon is high) the steel becomes increasingly brTbtle, 
so much so that steel containing 4 toj5$% manganese 
can tje powdered under the hammed Above 7% 
manganese, however, an entirely new set of paopertiea 



06 


SPECIAL STEEfLS 


begins to appear,' and thte brittleness gradually 
disappears ; the strength and ductility return and 
reach a maximum at about 14% manganese. Com- 
mercial manganese steel has approximately the 
composition : Carbon 1*0 to 1*3%, silioon 0*3%, 
sulphur and phosphorus 0-05 to 0-08%, manganese 
11 to 14%. Its propqrties arc the' opposite of 
those which might reasonably have ]jeen expected 
on logical grounds, and demonstrate the fact that 
because a given amount of an ^element produces a 
certain effect, it* docs not follow that a different 
amount will give the ^ame effect in a different 
degree. It should be added that the full toughness 
of manganese steel is not obtained untij it has been 
toughenec^ by what is called the water-quenching 
method, whiclyagain ^narks out manganese steel as 
being an entirely new product in ferrous metallurgy. 

Manufacture of Manganese Steel. Manganese steel 
is made in the # ladle from a mixture of decarburized 
iron (not over 0-1 % carbon) an<^80% ferro-manganese 
mefted separately in crucibles or in a cupola furnace. 
The decarjmriced iron used should not be too hot 
or the steel will cpnfam blowholes. Tf the steel is 
, to be cast into ingots, it should stand a little so that 
the silicates formed may fl<?at to the top. The oxida- 
tion losses generally amount to 1£%. The ladles 
are generally claj (acid ) lined. The fusible and liquid 
slag formed is green in colour from the silicate of 
manganese which ^ ab^rbed. Coffee-pot ladles 
are sometimes used 1 to facilitate skimming the 
slag, 1 ’ The chief production of manganese steel is for 
castings but it fs also forced affd rolled into rails. 
Unlimited difficulties were 4 encountered in the ( early 
stages o$ its manufacture and heat treatment. 
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Heat Treatment of Manganese Steel. Manganese 

steel must be heated very slowly and uniformly. 
Forging is performed in a narrow range of tempera- 
tures above red heat, beginning with light taps of 
the hammer. As east (Fig. 8, p. 1 8), or if the ingots 
are slowly cooled, manganese steel is brittle. The 
effect of quenching is to soften and toughen the steel 
giving it an austenitic microstructure, the carffbn 
being completely in solution. The manganiferous 
austenitg is unstably ; separation of carbides begins 
about 400° C., and reabsorption b^ the austenite ends 
about 930° C., the liberation on cooling being at 
about 735° C. Quenched from about !000° C. in water, 
the material is as ductile as wrought iron, but the 
maximum strength is three times as great. Mang- 
anese steel cannot be softened by heatufg followed 
by slow cooling. The tliickness of sections employed 
is limited by the necessities of the drastic quenching 
treatment. There is an almost complete absence of 
critical points. The composition of manganeso steel 
is important but the heat treat meflt is more so. 
No time must be lost in bringing the articles to 
the quenching temperature and transferring them 
to the water bath. 

Mechanical Properties of Manganese Steel. Mang*' 

anese steel possesses the characteristic properties 
of austenite— low elastic limit, low hardness, good 
tensile strength and elongation, ijgh resistance to 
shock and lack of magnetic' qualities. After water 
quenching from t000° 0. the /tensile ^rength is 60 
to 70 tons per sq. in. (Fig. 28) with an flongation 
of 60 to 70% on <1 in. The contiactipn of area is 
fairly uniform over the* whole' parailel portion of 
the tfest piece. Owing to the low elastic limit, the 
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elastic ratio is only about 35 % . The Brinell 1 lardness 
is 200 to 220, but the material cannot be machined 
and must be ground to shape. For this reason, 
wheels, pulleys, etc., of manganese steels are provided 
with mild steel bushes cast into the articles. The 
specific gravity of manganese steel is 7-89 or about 



c^io. 28. — Stress-strain DiAGifAM for ManganTesk 
Steel. 


C. 1-20% ; Mn. 12-5%.) 

the same as that of 'simple steels with the same carbon 
'eontent. The specific heat is 0*145 at atmospheric 
temperature. The thermal expansion is 50% greater 
than that of iron. The shrinkage in cooling from 
casting; temperature is $ in. per foot. The electrical 
resistance is 71 miciohms^per cm.-cube, or about 
eight times *that o£ pure ironl The thermal 
conductivity is one-sixth that of iron. 

The non-magnetic properties dl manganese steel 
are remarkable, as shown by E. Hopkinson, Barrett, 
Ewing, jHadfield, Osmond, Guillaume, Dumas, 
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and others. Although this alloy contains 80% 
or more of iron, its magnetic susceptibility is very 
low (19 X 10' 6 ). Heating to 500° to 550° C. for 
several hours increases the specific magnetism to 
50% that* of pure iron. At the same time the steel 
is made hard (450 to 500 ball hardness) but is 
machinable. •Double carbides of iron and manganese 
— ^Mn 3 C and hV a C — are deposited in aeicular forma- 
tion. These %m\ and brittle carbides effectively 
break u^the continuity of the touirh matrix. They 
are redissolved at 070 o (\ 

Manganese steel harden* under pressure and 
resists deformation and wear. Top this reason it 
is specially' suitable for parts subjected to abrasion 
such as jaw* of stone and ore crushers, pins and 
links. It is also used largely for dredger buckets, 
tramway and railway switches and crossings, rails 
in curves, and mining car wheels. The suggestion 
has been made to insert manganese steel rails in the 
ordinary track at 'positions where it is customary 
for trains to stop and start. 

Applications of Manganese Steel. .Although the 

u®es of mangitnese steel are somewhat limited by 
the fact that machining and cutting to shape are 
practically impossible, over 1 \ million tons of this 
material have been produced. It may be interesting 
to note the large monetary sa'yng wlfch has 
accrued to the world from the invention o4 this 
steel. Estimating the , prpbaW saving at £20 per 
ton, there has beer# up to date a.*total saving of about 
£30,000,000. 

Owing to the ifigh tenacity of elongation of 
manganese steel, it met # with an 'important war 
application in the manufacture of shrapnel -proof 
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helmets and body guards, which saved tens of 
thousands of lives ; over 7 million of these Hadfield 
manganese steel helmets were supplied to the Allies’ 
troops. On account of its non-magnetic properties 
it was used in the construction of mines, the presence 
of which could not be detected by magnetic means. 

Manganese steel has ^also been employed in the 
construction of burglar-proof vaults, an£ for armoured 
and other structures near the magnetic compass on 
ships and aeroplai^ps. 



CHAPTER VII 

TUNGSTEN STEEL'" 

Effect Of Tungsten. Tungsten has a hardening effect 
on steel, somfcwhat similar jo but less than that of 
chromium, and it has also a much smaller efficiency m 
increasing the ciopth of penetration of carbon in case- 
hardening or carburizing operations. Tungsten steel 
shows a characteristic fine-grained, s^Lky of porcelanic 
fracture when properly heaMrcated . The German 
metallurgist, Mars, concluded that tungsten lowers 
the melting joint of iron, but there is some doubt 
as to the correctness of this statement. The specific 
gravity of steel increases perceptibly wityi the tungsten 
content, the specific gravity of tungsten being 19-S. 

Pure iron can dissolve as much as 9% of tungsten 
without any excess forming tungstide (Fe t W). If 
carbon be present" a part forms tungsten carbide 
(WC) and more tunggten is required to form iron 
tungsticFe in proportion as the carbon content*in- 
creases. The tungsten carbide forms *un^er normal 
conditions the ‘double carbide w^th cementite, which 
dissociates abpve Ac t into the simple carbides ; 
if the heating is not canned too high, the simple 
carbides reassociate on cooling. If heated to a higher 
temperature the tungsten carbide reacts wjth some 
of the iron to form the tungstide aiyl a cert sun pro- 
portion of cementite. It^is thd formation and dis- 
solution of the tdhgstide in austenite which causes 
the lowering of the transformation tempeaatuife on 
cooling. The carbides of tungsten ore complex 
and there is evidence of W|C, WjO and WC forming 

* Bee Appendix II, p. 169, Paper No. 25. 
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at high temperature. Houda and Murakami in 
their work on the constitution of tungsten steels 
recognize the existence of the following constituents — 



FlO. 29. — CONSTITUTIONAL DIAGRAM OP TUNG8TBN 
Steels. 


ferrite, 4Fe a 6WC, Fe a C, WC and Fo*W. The 
constitutional diagram of tuftgsten steels fs given 
in Fig. 29. 

Manufacture and Propertied of Tungsten Stee 1 . 

Tungsten steel. is preferably manufactured by the 
crucible process, the tungsten being placed on top 
of the material yhich is packed cold in the crucible, 
in which the steel is melted and killed. Tungsten 
does not remove oxides ,and gases. The steel is 
usually cast into 3 in.- square ingots, and is forged or 
rollefi like high-carbon steel, great care being employed 
in bringing the ijteel up to the irking temperature. 

The heat treatment of tungsten steel exerts a 
considerable influence *on the strength, ^hSch is 
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considerably improved by the queue] ung operation. 
Though without much influence at first flic addition 
of tungsten, up to 10%, increases the yield point 
and maximum strength of carbon steel with only 
slight diminution in elongation. The researches of 
Professors Arnold and Head showed that- for low 
percentages bf tungsten tjie carbon is combined 
wjth the iron, but when the tungsten reaches ll$y o 
all the carbon is combined with it. 

Carbide steels show lower tensile strength tlfan 
the corresponding pearlitic steels, ^uenfhing above 
850° C. leads to dissolution of double carbides, 
and rcsultp in the formation of- a fine-grained 
martensitic structure. t 

Tungsten steels not containing high carbon have 
low thermal conductivity, and tungsten increases 
the magnetic ret-entivity of high carbon steel (see 
Fig. 30) though the , reason why tungsten steel 
makes a good permanent magnet is not well under- 
stood. Madame Curie first investigated the mag- 
netic properties of tungsten steel an3 showed that 
the besl composition was about 0*6% carbon * nd 
5 to 6% tungsten. Prior to 1910* high carbon 
steel (1 to 1*9%) was .used foy magnets, but since 
that date several thousand tons of tungsten steel 
have boen produced annrydly for the purpose. At 
one time it was thought that small amount! of # vana- 
dium, chromium, and molybdenum jmpartqp. greater 
retentivity but this has not been confirmed, tung- 
sten steel magnets should be forged with as little 
work as possible. • They are heat-treated by soaking 
at about 860° C. and quenching in water.* No 
advantage is obtaiifcd by tempering. The magnets 
are magnetized by insertion in a long*insulated coil 
through ^which an electric *current is pas§ed, and 
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are then seasoned- at 100° C (maturing, ageing). 
Decay of the magnetic properties may be caused by 
mechanical shock, changes of temperature and 
exposure to demagnetizing forces. The magnetism 



of a newly made; magnet is made up of a permanent 
and a sub-permanent or removable part. The limit 
to demagnetisation ahd the timeHaken depend on 
the type 9! steel and the dimensions of the magnet. 

Uiei of Toogsten Steel! Tool steels containing 
from 1 tg 4% of tungsten axe used for finitOfaf cuts 
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on iron and steel. They are capable of machining 
35- to 40-ton steel at a speed of 40 ft. per inin. A 
finishing steel for rifle barrels contained 1*2% carbon 
and 3 to 6% tungsten, and had a keen cutting edge. 
A further application of tungst en, i.e. as the alloying 
clement present in greatest quantity in high speed 
steel, is discussed on pp. 133-143. 

Tungsten has been used in gun tubes to raise tile 
strength and increase the resistance of the bores to 
erosion, ^tecls have been used for howitzer tubes 
containing 1 and 3% tungsten Svith 0-4$ to 0-7% 
carbon. Tungsten improves .the wearing properties 
of some classes of chisel steel, a high grade having 
the composition 1% carbon and 1 to 2% tungsten. 
Poppet valve^in petrol engines are sometimes made 
of steel containing 0-5' to 0-6% carbon af5d 1*5 to 
2-0% tungsten. Low tungsten steel (0-^5%) has also 
been used for springs. A steel containing 8 to 9% 
tungsten and about 06% carbon was found to make 
good hot-drawing amd pressing mandrels. Tungsten 
is used in the production of “ self -hardening ” steels, 
i.e. thosd which require no quenching after forgftig. 
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OTHER TERNARY STEELS 

Copper Steel.* At one lime copper was [bought to 
produce red -shortness and to make steel un weldable 
but, in 1890, A. L. Colby made a series of forging 
afid tensile tests on a propellor shaft made of 0*5% 
copper steel wliicli gave satisfactorf results. Hie 
material was also welded satisfactorily, and could 
be flanged, cold. f flie conclusion was reached that 
the supposed deleterious effects of copper did not 
actually occur,. at least up to 1% of copper. This 
was confirmed by l)r. Stead and others. Copper 
steel is generally made by* alloying copper with 
normal t>pen -hearth or Bessemer steel. Copper 
affects the critical pdints in the same way as nickel 
but to a less degree. The mechanical properties 
of copper steel are somewhat better than those of 
carbon steel, though unless the copper is above 0-5% 
its influence i Aiot pronounced . A s forged or annealed 
O-l^o copper adds about £ ton per sq. irf. to the 
maximum strength of low-carbon steel or i ton to 
that pf medium-carbon steel. In the heat-treated 
condition, the ineftase in strength due to the addition 
of copper is much greater — by adding 0*8% copper 
to* a 0-38% cafbon steel the maxijnum strength was 
increased ,32 tons per sq. in. without the elongation 
bein^much affected. 

The addition of more than 4% of copper makes 
steel red-shgrt. 

Resistant to,Corrosion of Copper Steel. Although 
there are many* reference* in metallurgical literature 

* See 4ppendix II, p. 109, Paper No. 20. 
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from the beginning of the seventeenth century to 
the effect of copper on the physical properties of 
steel, it. is not mentioned until 1900 in connection 
with the control of corrosion. There has been 
considerable controversy as to t-ne anti -corrosive 
effect of tfie presence of small quantities of copper 
in steel, but. jt appears est ablished that even small 
amounts of copper cause stert to resist certain types 
of corrosion Liter than st.cel not containing this 
element.* The results obtained depend on the actual 
corrosive Conditions. The American Shejt and Tin 
Plate Company stat es that 0* 1 5 to 0*115% of copper in 
sheet s preserves them from atmospheric corrosion, so 
that they last from three to live times as long as 
similar sheets* without, copper. They claim that the 
protective effect was manifested with as low%a content 
as 0*03% copper. Test s were ateo mads by the Lake 
Erie Railroad on 0*4% copper bearing sheets used in 
steel railway cars put int o service in 1914. After two 
years’ service, the paint was found to have adhered 
better than on plain carbon st eels, and cm. re-examina- 
tion after seven years'* service, the loss in thickness 
due to corrosion was much greater in t he carbon steel 
sheets than in # the copper steel sheets. Dr. A. S. 
Cifshman, of Washington, D.C., the*Seientiflc Adviser 
to the American Rolling Mill Company, has done 
excellent 'work in studying this subject of qprrosion 
generally. He ha*s found, however, that specially 
purified “ Armco ” iron, containing etily about *15% 
impurities gives, under certain coyditfbns of corrosive 
action, superior r^sistanc# to *hat obtained with 
copper steel. His wide researches and ifiany payers 
on this subject are oi[ the liighest value. * 

Copper steel specimens containing* ojey 0-1% Ou. 

* SwsAppondix II, p. 173, Taper No. 135. 
a~(5410f 
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have been found in good condition after having been 
exposed to atmospheric corrosion for 15 years. 

In addition to resisting atmospheric corrosion, 
copper steel has shown superior results in the alter- 
nately wet and dry test. It is also resistant to 
attack by 20% sulphuric acid, though acid tests 
have no bearing on natural corrosion 4ue to causes 
other than sulphurous atmospheres. On the other 
hand, it is more attacked than puij iron by add 
sa ] t solutions and by some neutral and alkaline 
solutions. f .Also, copper steel is less effective than 
pure iron in resisting corrosion by natural waters. 

Vanadium Steel. * Vanadium is considered to be a 
deoxidizing agent of considerable jower and is 
supposed to get rid of oxygen and nitrogen, also 
to increase die molecular cohesion and tend to 
impart a finer and denser structure than that 
possessed by ordinary carbon steel. Vanadium 
promotes the even distribution of carbon and 
prevents constitutional segregation. The element 
hair, a high melting point (1750° C.), and it is very 
difficult to alloy it with steel in the ordinary plant. 
It is preierable to add it as 35% /erro- vanadium 
after the other kdle additions. Ferro-vanadium is 
sometimes added to the bath two or three minutes 
alter the manganese used for re carburizing, and 
always .under reducing conditions. The ferro alloy, 
which should contain from 25 to 35% or even more 
vanadium may "be q£ded in the crucible. 

Vanadium is an elusive element and it does not 
follow that a certain quantity added to a heat of 
steel can afterwards be analysed as present in the 
steel. Witi^experience, however, vanadium can be 
added consistently, the loss not exceeding 0*07 to 

* Sec Appendix II, p. 169, Paper No. £6 
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0*10%. Vanadium lias a beneficial effect in open- 
hearth practice, and the steel is forged without 
difficulty, but should be worked a little tenderly at first. 
The temperature should 'not be too high, and if the 
steel is worked below a black heat it. becomes brittle. 

As regards the constitution of vanadium steels, 
the element dissolves in the ferrite and also exists 
as a carbide or double carbide with the cementito. 
All steels abo\ j 1% vanadium arc cementitic. 

Though vanadium is used by some steelmakers, 
there are® various opinions as to tts advantages for 
alloying with steel. From 0*15 to 0425% is sufficient 
to affect considerably the physical properties of the 
steel, and miay raise the clastic limit and maximum 
strength of mild carbon steel as much as 50% without 
appreciably reducing the elongation and deduction 
of area. Adding 1% of vanadfum railes the elastic 
limit of pure iron about 10 tons per sq. in., and the 
ultimate strength about '6 tons. Vanadium increases 
the toughness of low and medium carbon steel by its 
solid solution with the ferrite. It prevents brittleness 
of high Carbon steel (0*8 to 0*9% C.) and reduces dhe 
tendency to . crack during quenching. In other 
words, it gives a.wider safe-hardening range. ' J Properly 
heat-treated vanadium steel (containing up to 2%) 
has a reduced susceptibility to sudden shocks and 
resists fatigue or deterioration under continuous 
vibration. As the element acts in the same way 
as carbon, the latter must 1 be confrolled ca^fully 
in vanadium steel. ' 9 

Straight vanadiign steel S havt not much standing 
at present, but they may be said to be in theiij infancy 
and progress in their metallurgy aijd extension in 
their employment may be# expected! JThey possess 
the advantage of welding readily* and one grade is 
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used as a flux in oxy-aoetylene, oxy-hydrogen and 
electric welding. On account of their strength and 
the light construction which they make possible, 
they are used for springs and axle frames of auto- 
mobiles, and foi* shafts, rotating parts and case- 
hardened gears. Carbon-vanadium tool steel has 
been used successfully for punching #nd blanking 
dias, cold-drawing and l forming dies, shear blades, 
piercing and drawing punches, etc; ■ Vanadium 'is 
used in steel castings and cast iron as well as in steel 
mill products. It ‘is claimed that- t he element makes 
chilled cast ironrolls mpre durable and more ductile. 

Cobalt Steel. Sir ltobert Hadfleld in 1891 was 
the first to investigate cobalt st-cels systematically, 
a full account of these experiments appearing in 
1904 {sec Appendix JI (2)). He showed that 
cobalt, like nickel, increases the elastic limit and 
maximum strength. For certain parts of electrical 
machinery, such as armature teeth and pole tips, 
there is needed a material having high permeability 
at t high flux densities. ° The best “material 
available is the purest iron, but if the saturation 
value , codid be raised the length of, the armature, 
for example, could be decreased proportionally, and 
a large saving would result in the cost of the machine. 
The researches of Dr. P. c Weiss of Zurich, in 1912, 
showfed 4-hat the iron-cobalt alloy corresponding to 
the proportions Fe,C)o (34 , 5% cobalt) has a saturation 
value from 10 to 13% greater than that of pure iron. 
Dr. T. D. Yensen has subsequently found that at 
high inductions the permeability of the Fe,0o alloy 
may be as t much as 25% higher than that of pure 
iron. Unfortunately, theucost of cobalt is high and 
militates against the use of this alloy. 
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Tlioie has also boon in vented a cobalt si eel, called 
IVrmanite, made by Messrs. Had field of Sheffield, the 
magnetic pit) parties of which are far in advance of 
those of t he best tungsten steel for permanent magnets. 
The coercive force is as high as 120 and the remanent 
magnetism 6ver 11,000 c.g.s. units (see Fig. 30). The 
high coercive force enables itio withstand lough ust^e 
ir.a remarkabh: manner, and the steel shows practi- 
cally no ageing qualities. In the demagnetization curve 
the product B x 11 (induction X # magnetizing force) 
has a maximum value of 000,000 conf pared with 
300,000 for tungsten magnet steel. Permanite is 
advantageous for use in magnetos and in other 
applications # where demagnetizing influences are 
high. A strong field is necessary lo inagpetize this 
cobalt steel, a magnetizing force of 1)0(1 to 1000 c.g.s. 
units being used. 

Professor llonda has recently brought out a steel 
containing about 3fi% of cobalt as the principal 
constituent, which is a great improvement over 
ordinary magnet steel, but on account of the high 
proportion of cobalt in Its composition is very ex- 
pensive. It is called K.S. magnet stdfel after Baron 
E*. Sumitomo. The steel is hai $1 and difficult to 
work, and should be hardened by quenching in oil 
from 1000°- 1100° C. It is initially, magnetized in 
a field of high stfength. It has a coercive fpree ol 
180 c.g.s. units as compared with about 75 foiAungstcn 
steel of 50 for carbon steel. The remanent ma^etism 
is not diminished by prolunged.mimersion in boiling 
water, and exhaustive dropping tests only diminished 
the magnetization by 6%. 

The steel is suitable £<y short r|agn%ts. It has 
an exceptionally fine microstructure, *and the ball 
hardness.variqs from 444 to 6 52. 
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The addition of cobalt' to high speed steel is 
mentioned in Chapter XI. 

Molybdenum steel. In 1901 the well-known French 
metallurgist, Professor Quillet, contributed a paper 
to the Soci4t6 d’Encouragement popr l’lndustrie 
N^tionalo showing the' results of his investigation 
into the effect of the addition of molybdenum, 'up 
to, 9*3%, on the properties of iron. Quillet came to 
the conclusion thfct the effect of molybdenum was 
about four timesftas greajj as that of the metal tungsten. 
Unfortunately, Prof. Quillet’s specimens contained a 
considerable percentage of carbon and manganese, 
so that Sir Robert Hadflotd’s various researches 
on this subject including thoso in 1907* were probably 
the first systematic investigation of practically carbon- 
free iron-molybdenum alloys. The materials employed 
by Hadfleld consisted of two series differentiated by 
the method in winch the molybdenum was added, 
namely (a) a* ferro-molybdenum or (6) molybdenum 
in ctho metallic form. In the alloys made with 
metallic molybdenum, tlie carbon was constant 
throughout at 0*10%. The series, of iron-mol^b- 
denum alloys wan Composed! ,of fifteen specimens 
ranging from 0*24% up to a maximum percentage 
of 23*74% of ■ molybdenum. Tests were made on 
the alfqys in the cast and forged materials, hi the 
unanneffled and annealed conditions, and brought 
.out in a remarkable manner the superiority of the 
forged material. The original cjist structures were 
bridle and Were not found to be easily modified by 
annealing. When the material had been forged, 
however, grept Wprovemant was noticed ; although 

* Appendix II, p. 169, Ifo. 76. 
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the elastic limit was not much affected, the elongation 
and reduction ol area were excellent. 

In summing up the results Hadfield thought that 
the effect of molybdenum on iron — that is, on a 
practically carbonless iron alloy without the presence 
of other elements — is not likely to be of importance. 
Its influence? however, may be found very useful 
i D, alloys containing higher percentages of carbon. 
On the other hand, molybdenum renders steel so 
aensitive 9 to hardening that the material may crack 
during quenching or spontaneous fracture may 
subsequently occur. 

Molybdenum steel is made in either the crucible, 
basic open-hearth, or electric furnace, being added 
either as 45 to 00% low-carbon ferro -molybdenum 
or 35% calcium molybdate, # though tfie former 
is to be preferred. In some cases, molybdenum 
steel scrap may be uspd. In the crucible ferro- 
molybdenum is added in coarse lumps ; in open- 
hearth practice it is added in the furnace after the 
slag has been cleared up. In the fatter furnace, 
the loss amounts to from*5 to 10%, but in the electric 
furnace the loss is negligible. Molybdenum oxidizes 
readily, and t&e oxide easily dissolves in the metal. 
The steel should be deoxidized with titanium and 
vanadium. There is no serous difficulty in rolling or 
cold-drawing molybdenum steel, which shbws great 
freedom from seams. Chromium iqplybdeifum steel 
flows easily in the dies on forging and is eeadily 
machinable. t * 

Molybdenum hib a tendency to volatilize at high 
temperatures and lack of uniformity maji arifte in 
molybdenum steel after prolonged or excessive heating. 

The chief value of molybdenum lfts in indirect 
or intensifying effect on the inore complex steels. It 
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extends the range of hot working and heat treatment 
and increases the penetrative effect of hardening. In 
tempering also, the drawing range is widened and the 
drawing temperature does not require to be controlled 
so accurately. The effect of molybdenum on the 
mechanical properties is to increase the; Mastic limit 
and elastic ratio, but it exerts most influence on the 
reduction of area and raises the ductijjl y and tough- 
ness of the steel. It increases the tensile strength 
of * carbon and n jpkel steels. A steel containing 
1% of molybdenum and 0*2% carbon after quenching 
at 910° C. showed imprfjved impact tests, or higher 
tensile strength for a gi veil impact test . Molybdenum 
seems to increase the property of deep hardening 
of chromium steel. 

Data concerning [he mechanical properties of 
molybdenum steels are given in Table X. 

In America, molybdenum steels have been applied 
to various uses in aeroplane and automobile con- 
struction an(J for general engineering purposes. 
Chromium -molybdenum steel 0 has been m$de into 
satisfactory springs. Nickel chromi urn -molybdenum 


TABLE X 

Mechanical Pro4>eAties of*Molybdenum Steels 


1 

_ - " J* . ... 

Steel 

containing 
0*27% C. 
0-83 % Cr. 
0-42% Mo. 

Molybdenum 
dear Steel. 

i 

hardened at 't • 

L 870° C. 





Drawn at or ^ . 

C j 

Elastic limit, tons/sq. in. 

320 half 
hardness 

200° C. 

640° C. 

63* 

136 

, , 86 

Max. stress, tons/iq. in. <( 

. 73 

150 

90 

Elongation, % c . 

' 17 

10 

15 

Reduction of Area, % • . 

63 ] 

22 

*60 
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steel was used in the Liberty motor for aircraft 
service. Molybdenum steels were also used for 0*5in. 
bullet-proof plates for i£ronch baby tanks and for 
military aeroplane construction. 

Aluminilftn steel. Aluminium is not usually 
added to iron with the object of forming an alloy, 
biit on account of its deoxidizing properties, itis- 
solved oxide in liquid steel tends to induce the 
formation of blowholes. As alugiinium has a great 
affinity for oxygen at high temper^ urestf it tends to 
reduce the oxides and prevent t he violent evolution of 
carbon monoxide apd other occluded gases. The 
alumina forced is, however, infusible and does not 
tend to rise into tng slag. The element has the 
additional effect of increasing tfye solutylity of gases in 
the metal. A small amount of aluminium is usually 
added in the ladle, but too much kills the steel. 
Aluminium steels were first investigated thoroughly 
by Sir Robert Hatfield, who read an important paper 
on this.su bjcct before* the Iron and Steel Institute in 
1890.* With steel containing 0-2% of carbon, 
aluminium may be added up to 6% wtthoyt affecting 
the tensile strength, but the stjjel becomes brittle 
under shock above 2% aluminium. The malleability 
of the alloys practically ceases at 6; 5% aluminium. 
The hardness is 'not increased by the addition of 
aluminium, and water-quenching # does Aot seem 
to affect the alloys, though if carbon is present the 
ordinary action takes jjlace. # * Aluminium appears 
to cause a precipitation of graphite. •The element 
was found to have an action similar t# tUht of 
silicon in increasing the intensity pf magnetization 
of iwjp in low fields, but the alloys arl more difficult 

* See Appendix II, p. 169, Paper No. 6. 
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to make and less regular, for which reason the 
development of the silicon alloys received more 
attention. 

Iron and aluminium form an intermetallic com- 
pound and the alloy containing 17% aluminium is 
said to be non-magnetic and rust-resisting 1 . Recently 
a 15% iron-aluminium ajloy has been used for cru- 
cibles exposed to high temperatures^on account pf 
its resistance to sealing. 

Titanium 4 Stee^* Titanium alloys with iron in all 
proportions. Up to 9% it has been found to have 
little effect in improving the ^mechanical properties. 
Titanium steel, properly speaking, is not made com- 
mercially at present. In 1907 titanium was first 
applied as a physic in .molten steel used in the manu- 
facture of rails. It is held by some metallurgists to 
be the best all-round deoxidizer, eliminating gases, 
especially nitrogen, and tending to remove all oxides 
and Blag enclosures. It is next to aluminium in the 
prevention of blow holes, and is claimed tp make 
steel tougher and stronger. « Titanium will not save a 
bad open-l^artti heat, but is useful in reducing silicates 
.and in* further purification. %Titanium-treated stetl 
f is used for plates and sheets 6 wing to its freedom 
from surface defects and greater ductility in bending 
without cracking. 

Uranium steel* Uranium steels have only recently 
l>een developed, chiefly in America. Hypo-ehtectoid 
steels containing less than 0*6%f of uranium are 
pearKtic,«but an increase in the content of uranium 
produces a sharapteristic constiftient which becomes 
ooloured whefi hot like a* carbide of uraniun^. At 

* Am Appendix II, p. 169,' Paper No. 26. 
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the present time, it is i.ot known whether this is a 
true double carbide or a mixture of carbides of iron 
and uranium. Uranium has little direct effect on 
the transformation points up to, 2%. Above this 
the At. tsansformations are lowered and appreciably 
weakened, ^ven for ordinary cooling velocities. The 
steels of which the transformation points are lowered 
Igive a martensitic structure. If these points *are 
suppressed the structure is polyhedral. 

Abov *4 1% uranium the pcarlite is no longer 
lamellar. Quenched uranium sleels often contain 
wliito crystals which : (a) Ho not become coloured 
by heat like uranium carbide ; (&) do not exist in 
the annealed metal ; f (c) are not attacked by aqua 
regia ; (d) are associated with the carbide in steels 
containing more than 0-6% of uraniqtn. 

Uranium does not need to be intensified by the 
addition of other elements. It increases the hardening 
power of steel in response to water quenching without 
increasing the fragility. As regards its effect on 
carbon, steel, experiment has shown at 0*22% 
uranitun is comparable^svith 0*95% of chromixftn or 
molybdenum. Uranium steel is reported to be 
Suitable for ordnance and armour, but no definite 
proofs have been produced. 

Uranium increases thq hardness of carbon steel 
on quenching, decreases the grain size, ant? raises the 
elastic limit. Steels containing carbon an} uranium 
are principally suited for applications which* need a 
low tempering temperatyire, ffcr they then exhibit 
a remarkable Hardness, breaking strength and 
ductility. 

The addition of ’smal^ quantities ol uranium in 
nickel steels increases the hardness after quenching. 
By a&dfpg 0*6% of uraniuni to pearlitic nickel steels, 
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the grain size decreases ai.d the pearlite becomes 
more sorbitic. 

In general, nickel-uranium steels differ from 
pearlitic nickel stf^ils in that : (a) tliey have a higher 
elastic limit for the same ductility ; ( b)$ they are 
harder than the nicked st eels after treatment ; (c) 
they are more easily f hardened ; nfekel-uraniurn 
steels harden considerably on cooling in air ; {d) thgy 
possess a higlier fatigue resistance *after suitable 
treatment. 

Uranium* has been used in high speed steel on 
account of its tendency to promote the formation 
of complex carbides. It also assists in the develop- 
ment of secondary hardness in these steels. 

Zirconitfin jteels. 1 luring the war, a steel con- 
taining zirconium was tried in America in armour 
and bullet-proof plates and for use in motor-car steel. 
The results were reported to be successful, but the 
use of this steel does not seem to h&ve been continued. 
Nickel-zirconium alloys have bqpn tried for higjh-speed 
cuttfhg tools, but no sufficient advantages have been 
brought forward. 

Zirconium,* like titanium, and aluminium, acts 
primarily as a scavenger and, when it iB not removed 
as part of the slag, remains in the steel in the form 
of squarB bright yellow inclusions not directly 
Visible # tft magnifications lower than 500 xt It 
is not <considere4 that these inclusions can be very 
beneficial, and if the^ are segregated and roiled out 
into thin plafce-like streaks they mAy be detrimental, 
especially in armour plate. 

Till Steels. •From an investigation of low and high 

* U.S.^Bureau of Standard’ Notes (April, 1922). 
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carbon steels containing from 1*75% up to 10% 
of tin, (xiiillet concludes that tin imparts a mineral- 
ogieal hardness and high fragility to steel, making it 
difficult to forge. It enters into solution in the iron 
and appears to enter into combination with it. In 
tin-steels ir* which the tin does not exceed 10%, the 
carbon is in*the pearlitic condition. Tin -steels are 
somewhat like titanium steels in this respect. Tin 
appreciably regards the progress of cementation. 



CHAPTER IX 

NICKEL-CHROMIUM STEEL 

The influence of nickel and chromium # v?hen com- 
bined gives the best all-round alloy steel ifi commercial 
us$, and we are largely indebted to French research 
for its rapid development. In addition to beiftg 
perjiaps the most important of the structural alloy 
steels, nickel-chroiiium steel is encroaching on 
the realms of other all^y steels. Tlie presence of 
the two elements tends to neutralize the harmful 
effects of each and to magnify the good points. A 
certain ratio of chromium to nickel (about 1 : 2£) 
seems to »give the most efficient combination of 
physical properties ; if this proportion of chromium 
is exceeded the temperature limits of treatment are 
narrowed. This steel is usually made in types 
containing 1*6%, 2-5% and 3-5% nickel. A material 
containing O&to 0-7%chromium and 1*25 to 1*5% 
nickgl is used for medium-streSsed parts, and VI to 
1*26% chromium with 2-5 tJ> 3% nickel is employed 
for highly* stressed parts. Nickel-chromium steels 
•are usually heat-taeated, arifl , possess the highest 
•physical properties of any steel known. Nearly 
all the ufeful steels are in the pearlitic class. In 
’Amerita # natural nickel-chromium steel is made 
from certain ords found at Mayari, Cuba, When 
converted into &eel % a large part of the dy*omium 
is wasted, and when the Mghest quality is required 
the synthetit? alloy steels are superior. 

Manufachfir^ dbd Treatment of Niokd-Ohroxnium 
Steal Nickel-chromium steel' is. manufactuaad in 
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crucible, electric or open-hearth furnaces, but mostly 
in the latter. Care is needed in refining the steel in 
order to secure clean metal, also in teeming and 
handling the ingots. Analysis control is important, 
as it secures easier heat-treatment and constant 
machining ^properties. Billets must be carefully 
warmed and, preheated before being placed in the 
forging furnace. Nickel-chromium steel is ratljpr 
difficult to forre and roll. It will not weld, and is 
apt to develop laps and seams, unless due precautions 
are takerft The steel has a nair<*v range of forging 
temperature. Care must be taken rfhnt \he steel is 
not burned ; it should not be forged above 1100° C. 
or below a yellow heat- and it must not be hammered 
with a cold centre. The dies used must be clean and 
not cold. In forging, “billets of cross section suitable 
to the work should be chosen. Fer high-grade 
material, some makers machine off the surface of 
bars to ensure the removal of all surface defects. 

In drop-forging iyckol-chromium steels, the forging 
heat must be watched very carefully, and the 
operations must not* bo too severe. All forgjngs 
should be annealed caftfully to overcome forging 
strains. 

?The heat-treatment of nickel-ihromium steel is 
carried out on much the same lines as for simple 
nickel or' chromium steeln The steel is gardened 
by quenching in oft or water from about 30° p # above 
the critical range, tempered by reheating to a tem- 
perature # to suit the work on han<|, and then quenched 
in water. Annealjpg for Machining takes places at 
a temperature ‘about 40° C. below the cfitical r^nge. 

Heat-treating for gorging nickel-chromidm steel 
consists in first carefully lannealingit^e* steel, then 
placing in a furnace at blacjc heat and bringing it 
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gradually and uniformly to a temperature somewhat 
above the critical range. f ' 

The antecedents in the heat -treatment of nickcl- 
chroraium steel affect its physical properties. If the 
steel has been cfverheated or not properly heated 
for forging, etc., it requires special treatment. The 
effect of size, i.e. cross section, has a jnarked influ- 
ence. A 1-in. diameter section quenched in oil gives 
the same physical properties as a iM-in. to 3-fn. 
seqjbion quenched in water. 

Mechanical Piopertieg of Nickel-Chromium Steels. 

The simultaneous presence of nickel and cliromium 
in steel raises the elastic limit*combincd with higher 
ductility and imparts greater hardening power, 
resilience tfind resistance to wear. 

The static, properties of the low-nickel chromium 
type (Fig. 31) are equal to those of the higher nickel 
grades, but the latter are somewhat superior 
dynamically. 

Above a ccatain percentage of nickel and chromium 
(Ni Cr -f C over 5% ) thft steels become air- 
hardening. A typical conT£>osition is as follows — 
Carbon 0*85 to* 0*35% ; chromium M Jjo 1*5%, nickel 
3*75 to 4-75% ; suanganesd 04 to 0*75%. These 
air-hardening nickcl-chromium steels are used for 
parts requiring high strength. They show no mass 
effect fd.$. they harden throughout the mass, .inde- 
pendently of th£ size of the section. Hardened from 
about *820° C. id air # they give a tensile strength of 
over 100 tons per sqain. *ith 10 Jo 13% elongation. 
They can, ifowever, be softened by tempering, and 
in this condition show a liigh impact value. 

By slightly Irarying tiie nickel and chromium 
contents, keeping the carbon and manganese the same, 
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a wide range of tensile strength can be obtained in 
the heat-treated condition. With 3 to 3£% nickel 
aud 1*0 to 1*2% chromium, 75 to 100-ton steel is 
obtained, which shows a' high impact test when 



Fig. 31. — Mechanical Properties ot Typical Nickel 
v Chromium. 

(0-35% C. ; hO to 1-5% Si. ; 0-5 to 0-75% Cr.)* • 


tempered, but care must be taken nol to temper too 
high or the steel starts to hard6® up again. 

By slightly reducing the chrdmium, fjp to 75-ton 
steel or 50 to 60-ton steel (chromium 0*5%) # maj be 
produced, which showman Izod test of abopt 70 ft.-lb. 
on tempering at 650° C. Tfie fatigue ^a#ge of nickel- 
chromiftm steel is roughly the* same as the maximum 
10 — ( 541 ^ 
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strength ; thus, airdiardening (100-ton) steel showed 
a fatigue range of about 55 tons, and an thcr 
steel showing a maximum strength of 57 tons per 
sq. in. had a fatigue range of + 27-5 tons. 

As an instance' of the high quality of st eel products 
of this type, there has recently been produced by the 
Hadfleld Company a nickel -chromium steel possessing 
a- tenacity of 108 tons pbr sq. in. with an elastic limit 
of 90 tons per sq. in., 15% elonrsition and 5V% 
reduction of area. The ball hardness is 477 and the 
shock test of a no v died Fremont test piece 5*3 kg.-m. 
(40 ft.-lb.),’ with 7° angle of bend. 

In steel which is called upon to resist shocks, 
the impact test is the controlling factor. Having 
decided the elastic limit and- ductility ‘required, that 
steel is most desirable in which it is possible to develop 
the impact Value to the highest degree. It is on 
account of their high dynamic strength that nickel- 
chromium steels arc widely used in parts which have 
to resist shock and live loads. Nickel-chromium 
steels exhibit the phenomenon termed temper 
brittleness ; in other words, when these steels 
are tempered in a range of 200° to 600° 0. and 
cooled slowly from the tempering temperature, 
they give low notched bid or impact tests. If, 
however, the steels are cooled quickly from these 
.temperatures (as, for example, by quenching in 
water*) the impact value is not depreciated. A 
specimen containing 0*4% carbon, 3% nickel, and 
r 0»8% 'chromium had its impact value reduced to 
one-fifth by cooling in the 1 furnace instead of quench- 
ing in water. There is a critical range of about 450° 
to 650° C. in which the effect js most, developed so 
that whatever 6 the method of cooling the notched 
bar test is low. No difference in microstrueture is 
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apparent between the brittle condition and that 
showing a good injpact t cst. Not all nickel-chromium 
steels are susceptible to temper brittleness. The 
condition appears more frequently in open-hearth 
than in electric steel. It may also tie mentioned that 
temper brittleness has been observed in some 
chromium and molybdenum steels. 

Nickel -chromium steel c&nnot be machined «at 
extremely high speeds, so that the speed is generally 
reduced though the feed can be somewhat increased. 

Nickel-chromium steel is used* for cage-hardened 
parts. As mentioned in Chapter III, all case- 
hardening steels are low in carbon their strength 
being obtained by an alloying element. By the use 
of nickel an<* chromium together, the strength of 
case-hardening steel may be moro than doubled, as 
shown in Table XI. • • 


TABLE XI 


Mechanical Properties of Case-hardening Steels 


• 

Tjffce of Steel. 

• 

Quenched 
frorifc C. 

r— 

Max. 

Strength, 

Tons 

per 8q . la. 

I rod Test, 
ft.-lb. 

Ordinary Carbon. 

1,25 

.32 

40 

2% Nickel . . . 

900 

36 

50 

3 % 

890 

45 

40 

5 % 

880* 

50 

do 

4%Gr . 

880 

55 

.80 

4%Ni+li%Cr . 

880 ' 

5» 

— * 

> 20 


The case on nicfcel-chrolhjun# steel is harder than 
that on simple* nickel steel, but simple carbon gteel 
gives the hardest cas^of all. 

Case-hardened nickel-c&omium withstand 

shock tmd abrasion well ; they should be tampered 
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in oil to relieve stratus after treatment to give the 
best core and ease. , 

Uses Of Nickel-Chromium Steel. The nickel -chrom- 
ium steels described above, with low percentages 
of nickel and chromium have the advantages of being 
low in price and readily machined. All grades are 
used in automobile construction, the carbon varying 
frCm 0*22 to 0-55%. Nickel-chromium steel gears 
(not case-hardened) wear extremely ^ell. The tech h 
burnish over and give better service than ordinary 
case-hard cu^d gears' 

Nickel-chromifim steel is also used for parts of 
aeroplane engines, and for engineering parts of 
high strength. Large ingots (5f this steel are forged 
into shafts for marine purposes. The* main girders 
of a railway bridge in German? have been constructed 
of nickel-chromium steel. The weight is reported 
as 35% less than if mild steel had been employed. 
The structure has been in use nine years with entire 
satisfaction. 

Nickel -chrcftnium steel is employed in the manu- 
facture of armour plate, the impact face df r which 
is hardened .by a carbonizing process. Nickel 
imparts tile property of not cracking when perforated 
by a projectile, 6nd chromium combines hardness 
with high elastic limit and high resistance to shock. 
4 Armour Crom 6 in. to M> in. thick has the follow- 
ing aifekpis — Carbon 0*33%; nickel 3*5 to .4%; 
chromium 1-5 * to 2% ; the mechanical pro- 
perties of the body of the plates being— JJltimate 
strength 45 ^ons per i<a! ; elongation 24% ; reduc- 
tioncof yeq 60%. Medium armour, i.e. below 6 in. 
thick and npt face-hardened, if-given high properties 
throughout hy ^proper hdkt treatment. It is used 
for protective decks and barriers to protect from 
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secondary battery fire. This st eel lias a composition 
somewhat/ as follows— Carbon 0*30% ; nickel 3*05% ; 
chromium 1*45%. A steel like the latter but with 
higher carbon lias also been used the French for 
armour-piercing projectiles. Some firms have added 
0*25% of tungsten or molybdenum to t he composition. 

The quality and strength of nickel-chromium 
stjpel has been developed at the Hadfield Works ift a 
remarkable decree, as exemplified in the wonderful 
performance of the armour piercing projectiles 1 up 
to 18 in. calibre, manufactured b^ Messrs Hadfields. 
These are capable of penetrating 11 thickest armour 
afloat, a test which is probably the most severe to 
which steel can be subjected. In the continuous 
contest bet w*een armour and projectile, the victory 
has rested now with one side, now witli*the otiffer. 
It may be said that at least for a period modern 
hard faced armour was capable of resisting the 
penetration of projectiles under the practical con- 
ditions of long rftnge engagements. This is past 
unless some further development of arnfour is brought 
about* To-day the p%>jcctiles developed by* the 
Hadfield Company are capable of passing undamaged 
through the strongest naval defences, including the 
very severe test of impacts at considerable angles of 
obliquity* During the war the capacity of output 4 
of large armour piercing projectiles (12 in. calibre and 
upwards) at the Hadfield Works was nmffy one 
thousand per week, so that there; was new any 
danger * of the British .Fleet* running short <Jf 
ammunition qf tMs type. 

Fig. 32 shows three Hadfield 15 in. cidibje p#ojec- 
tiles which have actt&lly perforated thiqjt hahi -faced 
armour of the latest type and been Covered practi- 
cally \mdamaged after completing fhis difflgult task. 
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It is interesting to note* that although armour- 
piercing projectiles arc essentially perforating tools, 
nickel is always employed in their composition, 



Fig. 32.*-Grouv w Hadfield 15-in. Projectiles after 
* Penetrating Hari*faced Armour 15-in. Tuck. 


whereas it is, not used, in fact is detrimental, in tool 
steel. 

Steels with 

mium ljave recently • been developed on* the 


percentages of nickel and chro- 
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Continent on account of thsir rust-resisting properties. 
Particulars of twb of the alloys are given in Table 
XII. 

TABLE XII 

Nickel-Chromium Bust-resisting Steels 


Analysis— Carbon, % . . 

. . 0- 1-0-3 

0- 1-0-3 

— Nickol. % . . 

„ — Chrom-.im, % . 

1-3 

6-9 • 

10-15 

20-23 

Structure 

. Martegsitic 

Austenitic 

Elastic limit, ton»/sq. in. . 

39 * 

26 

Max. strength, tons/sq. in. 
Elongation, % 1 . . . 

• 

• 

51 

49 

15 

50 


The martensitic alloy is seK-harderting but, by 
heating to 680°-750° C. and cooling slowly, it can be. 
made workable. The austenitic alloy is treated by 
heating to 1100°-1200° C. and cooling quickly. It 
is non-magnetic. The alloys ane resistant to the 
corrosive action of th(? atmosphere, sea water, gold 
10%-nitric acid, boiling *50% -nitric acid, alternate 
wet and dry tests, and of hot gases. The austenitic 
alloy, which is the more resistant of the two, has 
been employed Idr valve spindles. The martensitic 
alloy has Seen used for tuibine blades. 



CHAPTER X 


CHROMIUM- VANADIUM STEEL 

« 

Vanadium requires the presence of another element 
in steel to bring out its intensifying action to the 
fiillosl extent. A combination generally used for this 
purpose is chromium -vanadium slcc^. The addition 
of vanadium to steel is considered in Chapter VIII, 
and the hot wording of chromium -vanadium steel 
presents rfb social difficulties. Vanadium forms 
complex carbides with chromium' which greatly 
strengthen the steel, and als< 2 > has a beneficial effect 
on the properties of the steel in the quenched and 
teinpered^condition. 

MechanicafProperties of Chromium-Vanadium Steel 

The physical properties of chromium- vanadium steel 
are like those of nickel-chromium steels except that 
the reduction of area is slightlj- greater (Fig. 33). 
It is more e&sily machinable 0 than nickel-cjiromium 
sted, and is generally free from surface defects. 

A typical chromium-vanadium steel contains — 
Carbon 0-3 to 0-4%; clyomium *1-0 to 1-5%; 
vanadium 0*15 to*0 , 25%. Mechanical properties of 
steels with high and low carbon content are shown 
in Tabfe’XIII. 

Clirfimium- v^padium steels offer resistance to 
diminution in tensile strength and elastic limit on 
tampering up to 460° C 4 or more. They® may be 
treated to give a tensifo strength o{ 100 tons per 
sq. <n.,« combined with 8% elongation and 15 to 
18% reduction of area -r-a ireful set of properties 
needed to m«et 4 some of the requirements of modem 
engineeging practice. 
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Fi«. 33 . — Mechanical Properties of Chromium -Vanadium 
• Steel. 

(0-30% C. ; 1% Cr. ; 0-20% V. ; oil-liiwdened.) 

TABLE XIII 

Mechanical Properties of ChromiCtm- Vanadium 
£teels 

Carbon content, % . . 

Steel quenched at, . 

Tempered at . . . 

Elastic limit, tons/sq. in. 

Max. strength, tons/sq. in. 

Elongation, % . . . 

Reduction of areag% . 

Fatigue range, tons/sq. in. 

Izod test, ft. -lb.. . . 

* Jgoreases rapidly with tempering tqjnj&raturo, and may 
be 116 ft # -lb. or more if the steel be tempered at |50°C. 


0-4 i 0-25 

870° C., oil I 854)°«C*> water 

650 ° c. ! m°c. 

45 • | • 50 

62 • <54 

CO I 24 

•57 
± 30 
85* 
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The fatigue range of another (’hromiuin-vanadium 
steel having a tensile strength of 03toiis was J_ 33 tons, 
so that it may ‘>e considered approximately equal 
to the maxjeum^streiigth. 

Various experts have carefully studied Uie claims 
made that “ steels containing vanarliuirf as a con- 
stituent ar< stronger than those free from that ele- 
metit, that- they are sounder and more homogeneous 
and that they Juive a higher fatigue Strength. ” As 
regards fatigue strength, the claim has begn tested 
directly an<J was fiot found to be substantiated. 
Moreover, any increase in strength resulting from 
the addition of vanadium is not commensurate with 
the cost of the element. I)r, Aitchison has pointed 
out that tests made on a pair of chromium steel 
forgings with and without vanadium were found 
to give practically the same results, though the steel 
used in the former, owing to the addition of vanadium, 
was naturally much more expensive. 

Uses of Chibmium- Vanadium Steel. Chrqmium- 
vanadium steel is used for ^riving axles and other 
forgings for locomotives, and for automobile springs 
and axles Vhich are found Jo withstand repeated 
Alterations of stroll in the neighbourhood of the 
Elastic limit without taking a permanent set. The 
pteel has ftlso been applied to the* manufacture of 
torpedd # t«bes, compressed air flasks, gun forgihgs, 
and the* like. 



CHAPTER XI 


HIGH-SPEED TOOL-STEfL* 

Developments. The rapid development of cutting- 
steels in the J«.d fifty years, as compared with the 
preceding centuries, lies in the fact that the manu- 
facturing indulges of the civilized world demanded 
a means of securing largely increased production 
without a Commensurate increase #n cost. This was 
obtained by speeding up the individual* machines, 
and for this purpose the tool steel ^nust meet the 
following requirement - - 

(1) The tool must be •harder than the material cut 
and resistant to wear rwid severe service. 

(2) It must not soften when subjected to the heat 
developed by friction. 

Ordinary carbon tool-steel contains as an average 
1% of carbon, present as iron carbide (Fe 8 C) held 
in solid solution due to the rapid cooling of the steel. 
It is, however, in a met Salable condition and softening 
commotices at a temperature of about 200° C. (corre- 
sponding to light cut and feed at slow spaed). On 
the other hand, high-spefed steel shows only a small 
decrease in hardness when raised to a dull red heat, 
and retails its cutting edge at temperatures ^ which 
would^at once destroy the cutting ability oj simple 
tool-steel. It has produced a revolution in machine 
shop work throughout the work^. 

The development of high-spaed steel, as shown 
in Table XIV , 9 started about 1868 wften Robert 

* The treatment of tho^jistorical development of tool stpel 
adopted in this chapter closely follows thedines*laid down in 
Mr. I). M. Giltinan’s paper in the Transactions 9/ the American 
Society pr Steel Treating, September, 1921, 718. 
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HIGH-SPEED TOOL- STEEL 1 U5 

Mushet, of Sheffield, discovered the value of mangan- 
ese in the Tnanufapture of Bessemer steel. In experi- 
menting on the value of manganese on tool-steel 
he found that one composition of manganese hardened 
when cooled in air. Analysis showed that a con- 
siderable proportion of tungsten was present in 
addition. This steel was given the trade name 
“ air-hardening steel.” It J was soon afterwards 
found that cooling from 1000° to 1100° C. in an air 
blast gave bett er result s for tools. A n i mportant st^p 
in the furftier improvement of ihisfcdeel was taken by 
the late Mr. Mayjisel White, head of "die chemical and 
testing laboratories of the Bethlehem *St eel Company, 
who found that a greAt increase in cutting powers 
resulted from* heating^uch special steel tools to a 
very high temperat ure* between 1200° C. and 1400° 
0., when about to harden thfon. Like others, in 
his wious experiments he hail noticed the great* 
difficulties in the manufacture and dressing of Mushet 
tool steel. These experiments also led to the dis- 
covery that, by replacing the manganese toy chromium, 
greatly, ’reducing the carbon, and increasing *thc 
tungsten contents, superior tool steel* was obtained 
wjpeh could readily bo forged to shape. Mr.»Fredcrick 
Taylor was originally Oliief Engineer of the Midvale 
Company, and when he joined the Bethlehem 
Company he became asseftiated with the,qjninent 
American metallurgist Mr. Maunsel White., it was 
Mr. Taylor who also gave great attention to*machine 
shop methods, resulting in a gi^at increase in theis 
efficiency. 

Modem high-speed steel may be said to have been 
introduced at the P^is Exposition in *1950. # The 
tools there shown did not to se their ttenjper or tough- 
ness at red heat, the temperature of the chip^ formed 
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being about 300° C. Further work showed the 
advantage of higher chrdmium and tungsten and 
placed the carbon content between 0'6 and 0*8%. It 
was found that the maximum efficiency was obtained 
with a chromium content of 3 to 4% and about 18% 
of tungsten. Molybdenum was also tried^ & the place 
of tungsten, and was found to yield • a very good 
high-speed steel wliich* did not require as high a 
hardening temperature, 1% of molybdenum befog 
about equivalent in effect to 2% of tungsten. It 
lias not, however, replaced tungsten for tlifs purpose, 
as in some' 'case?, it was found rather uncertain, and 
to deteriorate after repeated heating for dressing 
and treatment. As now used, molybdenum is more 
an auxiliary than a major constituent* About 1908 
to 1908, vanadium was added/o high-speed tool-steel, 
and althougluexpensive it was found that the increase 
in cutting efficiency compensated for the adc^tional 
cost. Its action in increasing the durability or life 
of the tool when working at high temperatures has 
not been explained fully. With a content of 2% 
vanadium it was found possible to decree the 
tungsten content somewhat. In later years, cobalt 
has been eddecl to high-speed steel with some succ^gs, 
but it has not comg into general use. 5% of cobalt is 
claimed to impart greater durability and more uniform 
performance. It may liave an advantage for certain 
heavgjkmghing-cuts and for macfdning hard njckel- 
chromiuia steel «in the lathe owing to its ability to 
hold ah edge. It must be remembered thatjJhemical 
analysis alone does* not* yield ^ good high-speed 
steel. Unless the raw Aaterial is ptfysically sound, 
the fheltfn^carried out skilfullj, and the steel forged 
with care And.theat-treated correctly, the highest 
performance Sf the toojs will not be obtained* The 
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steel must be free from seams, internal cracks and 
fibre, and both, the longitudinal and transverse 
fracture should show a smooth uniform structure. 

Manufacture of High-Speed Steals. The manu- 
facture oflqgh-speed steels involves no different pro- 
cesses from those by which high-grade cutting-steels 
have been made for many years jiast, although 
refinements and* improvements are made from time 
to time. The steels are most ly made in t he crucible, 
although fihe electric furnace is {gaining ground due 
to its ability refine low-grade •naterial and to 
re-melt tool-steel scrap rapidly in fail; quantities. In 
the crucible process, definite amounts of high-speed 
steel scrap, 4ow-carbun bar iron, ferro-chromium, 
ferro-vanadium and tungsten powder or fcrro-tung- 
sten are packed in crucibles and sealcdf the tungsten 
being pi) top on account of its greater density. Each 
pot contains about 100 lb. of steel, and a number 
are put into a funwe at one* time, melted, and mixed 
by pouring into a ladle preparatory to casting. 
Sometjjfies the pots are teemed directly into a nqpuld 
by hand-pouring (see cover illustration, on this book). 
Ojring to a tendency t o pipe, t he top of •the ingot 
mould may be kept dot. When the metal has 
'solidified, the moulds are stripped and the ingots 
cooled very slowly, e.g. iif ashes. Iiigh-s^p^d steel 
shows a coarse grain and dark colour and a$ rule, 
strong columnar structure, with tfiie crystal axes 
normal jp the cooling surface^ Ttis structure, ig 
not so pronounce^. if thfe^ casting temperature is 
low, and it if subsequently destroyed by heating 
and working. The ingots are annealed* to remove 
casting strains and then he&ted for roiliijg* or hammer- 
ing ink) bars which are re-annealed for machining. 
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For forging, the steel is heated very slowly to a 
temperature of 1000° to 1*100° 0., pid wo*k is dis- 
continued when the steel begins to stiffen under 
the hammer. About 88% reduction should be made 
in ingots about 6* in. square. The forging eliminates 
ingot St ructure and breaks up and dissepiinates the 
carbides uniformly. t 
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Fl(l. 34. — ILLUSTRATING THE INFLUENCE OF HARDENING 
Temperature on Cutting Efficiency of 
HiGH-stEED .Steel. 

t 

Microscopic examination shows that annealed 
high-sp^ed steel consists ot a matripc of solid solution 
of iron gnd tungsten with globules of carbides or 
tungstyl&i of irdn and chromium or a combination 
of .both. Quenching from ordinary temperatures 
(800°-950° C.) produces # do appreciable change in 
structure. On heating to 1250°-1303° C., however, 
the carbides are brought int^ solution, the steel 
becoming finely tnartensitiB in structure, and the full 
cutting powers are developed (Fig. 84). Chromium 
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and tungsten are known to lower the carbon content 
of pearlite, thus* accounting for an excess of free 
carbides in high-speed steel, and together with 
manganese they prevent the separatfoji of cementite. 
The transformation range is lowered below room 
tomperaturc*so that an austenitic structure results 
in spite of relatively slow coojing. 



* Temperature at which JSall Hardness nes taken, °C. 

Fio. 35. — Comparison between Red-hardness o* Carbon 
Steel and or Hichk-speed TijpL Steel. 

The property of red -hardness exhibited by high- 
speed steels may be? defined as resistance to sfcfft^iing 
by tempering (Fig. 35). It increase# slightly with 
the quenching tempeipture. Red-haniness is cftie to 
the conveftion of the austeijitic structure to marten- 
sitic on heating, ft may be suppose# that the 
carbidos not only go into solution very ^lifggidhly 
on heating but separai% sluggishly oy reheating, so 
that the tool is able to run for a long tim^at red -heat, 
The ctegpec of secondary hardening is a function 
II — (5410) 
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of the carbon and chrombjm content, and probably 
to a lesser degree of the other alloying 4 elements. 
The temperature range in which secondary hardening 
may be obtained, is a comparatively wide one— about 
100 ° 

Heat-Treatment of High-Speed Steel. The heat- 
treatment of high-speed steel is a most important 
branch of the cutting tool industry for the good 
qifalities which a tool might have possessed can be 
destroyed to a greater or less degree by faulty 
heat-treatment. # 

When high-speed steel is cooled from 930° C. 
there is a halt or rest point at about 700° C. to 
160° C., but on cooling from 1250° 0. there is no 
wrest pointy Above 1200° 0., the chromium and 
ungsten have a greater affinity for carbon than iron 
las, and a double carbide of these metals is formed 
vhich persists on slow cooling. 

Taylor and White cooled tile tools quickly to 
jelow 850° C., and used a lead bath at 5G5°~620° C. 
'or a tempering or low temperature treatment. 

The procedure in heat-treating tool-steel usually 
idopted at the present time is as follows — 

The steel is preheated slowly up to 820°-900° Q. 
*nd uniformity of heating is obtained by protecting 
hin sections , Atmospheric oxidation is avoided as 
far as i»ossible. The steel is then brought up to the 
high quenching temperature as quickly as possible, 
the atmosphere in the furnace being 'controlled 
carefully t* avoid oxidizing conditions. The best 
hardening temperature is 1300°— 1320° C. 

The steel is then que^chc l in a bath of molten 
salts or oil. Oooling in a dry air blast is not so com- 
mon now, as oxygen from the air may fonrf a scale 
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of oxide. # A suitable saft bath for the quenching 
operation consists of a mixture of calcium chloride, 
sodium chloride and potassium ferro-cyanide in 
proportions depending on the required temperature. 
If an oil bn>th is used, linseed oil or cotton seed oil 
are suitable^ The latter part- of the cooling on 
quenching may be slow vtfhen tempering is not 
required, but the hardened tool is usually tempe^d 
to remove quenching strains and bring out the red- 
hardness &o the full. An oil bath may be used \or 
this purpose. Milling cutters and simile toojs are 
drawn to a degrffe depending on the material they are 
intended to icul. Tin* highest secondary hardness 
(Brinell ball hardness ojj 610) is developed by heating 
to between 550 and 08J)° 0. It has been suggested 
that sharp changes in magnetic. properties constitute 
a test which may be valuable for determining whether 
a tool has been correctly tempered. When high-speed" 
steel is heated above 650° C., a transformation to the 
pearlitic condition ensues. The steel ca^ be annealed 
or softened by heating to about 800° C. and cooling 
in the furnace or in lime* or ashes. The grain Siay 
be refined by hqating to 950° C. and cooling in air. 

* Testing Tool-Steels. Some tool-steels will and 
some will v not scratch glas%, but the hardness when 
cold (ball and sclerdscope numbers, also file te^t&^does 
not' Beem to be the determining factor of ut^fulness, 
and has no connection with machine shop practice. 

No tesfof high-speed st^l se^fhs to take the place* 
of a trial at aotuaf work, ft has beei# found that 
greater durability of tools is obtained by ctet#rnAing 
the critical speed, ant the durability depends on 
the m^erial being cut. The maximiftn durability 
of high-speed steel occurs at* higher speed Stum fof 
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carbon tool-steel. Herbert announced that certain 
high-speed tools have two ciitical Speeds being less 
durable above, below, and between these speeds 
(Fig. 30). Thin my account for some anomalies that 
have ^appeared in tests. t 

If, in addition to liigher speeds, heavier cuts are 
required, tools /ire generally re-designed to provide 
the greater strength necessary. 



Fjg. 36. — Illustrating Two Critical Cutting Si»ekdb U of 
High-speed Steel. • 

Applications of High-Speed Steel. The practical 
result! cf highspeed steel are apparent in the fnanu- 
factuning establishments of to-^ay. In addition to 
•the saving power p«r vmi\ of metal cut off,«there is a 
reduction in the cost ofe plant foS’ given output, and 
in the general and overhead charges. 

High-spq^d steel is al/jp uied for exhaust valves 
in internal Combustion engines and for dies for 
extruding hot Petals. ' 
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Possible Substitutes {or Tungsten High-Speed 
Steel. Ofring tin the scarcity of tungsten during the 
war, substitutes for tungsten high-speed steel were 
brought out, for some of which rather extravagant 
claims wqje made, but these substitutes have not 
met with much application. 

An alloy n*ot included in the above, which can be 
used at liigh cutting-speeds, may be mentioned. 
The material, Stellite, invented by 101 wood Haynes, 
*.s hard and fine-grained, and may be heated to a 
bright reef or orange without softdhing. Jts approxi- 
mate constitution is as follows :• Cobalt tfo% ; 
Molybdenum 22% ; chromium 11<% ; iron 3% ; 
manganese 2%. 

The users ftf high-speed steel are, as a rule, con- 
servative, and some refy solely on analysis? Because 
a certain composition has proved itself good , however, 
it would be a mistake to, refuse to try any new steel 
or alloy which may possess merit. In the high-speed 
steel of to-day, cafbon is the hardener, the double 
carbide of tungsten and chromium conferring the 
cutting *edge. It is posable that cutting tools* will 
be developed, however, which are independent of 
carbon, and which are not appreciably softened at 
Reasonably high temperatures. The realm of alloys 
is immense, and we may say that only the fringe 
has been investigated, 'ftie possible combinations 
of. the metals are almost infinite in number, *ftnd it 
does not appear too much to expect Jhat one <*r more 
alloyB may be discovered whichspossess the hardness 
and toughness # of tteel’ contfnnhd with Resistance to 
' deterioration of cutting properties # gt Jngh 
temperatures. 



CHAPTER XII * 


THE TREND OF PROGRESS 

Recefit Developments. TlLe Great Wa^ Stimulated 
intense activity in metallurgical production but 
probably no branch made greater progress than the 
making and heat treating of special steels. The 
progress chiefly consisted in improvements of existing 
processes and in detailed and systematic Reat treat- 
mentv of steels V'ry sensitive to heaj-. The new and 
exacting applications which arose, e.g. in aircraft, 
necessitated the production ojfcstcel possessing special 
properties and of extreme reliability, »but it cannot 
be said, »or would it be expected in such times of 
stress, that Uny fundamentally new steel was dis- 
covered. Probably the chief feature in this direction 
lay in the production of alloy steels which retain their 
strength at high temperatures — §50° C. and above — 
and also offer resistance to oxidation, erosive action, 
shopk and abrasion. As examples of applications 
in which suct^ properties are required, the following 
may be * mentioned— exhaust valves for internal 
combustion engines, turbinfc blades, and apparatus 
in which chemical operations are carried out at higli 
temperatures. The most promising steels are those 
.contajrujpg 12 to 13% of tungsten or chromium (the 
carbon being hfgh) but higli nickel chromium alloys 
have t>een developed for the ‘same purpose. The 
increase in the numbe^ bf electric furnaces during 
the war has been mentioned, and tliere seems little 
douCt t&aiT where the highest quality is demanded, 
the electric* fpruace will *be the principal source of 
alloy steels of the future for some time to come. 
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Importance Of Research. The advance of civiliza- 
tion depends on fche work of the metallurgist, and the 
contributions of this country to the science of metal- 
lurgy have been of first-class importance. Professor 
Sauveur, of Harvard JLJniversity, * has put it on 
record thal*“if the contributions of English Metal- 
lurgists and* chemists were withdrawn, the entire 
structure of the iron and* steel industries woyld 
cotlapse.” It (Is fervently to be hoped that we 
keep in the van of metallurgical discovery, yid 
to this eftd intensive research t>n broad lines is 
necessary. 

Pure science should not be neglected because it 
produces no 'immediat e practical results. The pure 
science of to-day ip the applied science of to-morrow. 
The sole difference between pure and applied science 
is one of degree and not- of fact*, and frtfm one funda- 
mentally new conception or view point a groat numbqf 
of applications may arise. 

The result of a* fundamental discovery may be 
likened in effect to thg action of a atoms tlirown into 
the mjfi&le of a pond, the^disturbance of which passes 
outwards in ever widening ripples, its influence 
r^-ching larger* and still larger zones. 

* In the realm of ferrous metallurgy, no better 
illustration, of the truth of the above can be obtained * 
than that of the, discovery of manganesq. qf'Cel, in 
1882* by Sir Robert Hadfield. Not only ,uws this 
material a curious alloy with subversive but Extremely 
useful .jyoperties, ffut its discovery revolutionised 
the whole tr^nd#of met^luffeical tlmught. This 
careful and persistent research, resulting in the 
discovery of mangane^p steel, largely laid the founda- 
tion of the modem knowfedge of special steels. In 
its fufther consequent effect the influence, of this 
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invention has also helped to revolutionize certain 
branches of engineering. 

Research is also the bed rock of efficiency. It 
leads to the elimination of waste and to the 
conservation arfif better utilization of steel. 

The discovery of new products and processes 
involves problems of the greatest intricacy, in the 
solut ion of which a limit ifude of nietliods arc employed 
each seekim: to reveal some new information. V 
tln^followinu page 1 * tlvn* is given a brief indication 
of some ol tin* iitur rbvimis directions ^n which 
rese/iM) is posable and where ncwjfnowledge may 
be obtained. 

Testing of Materials. One *>f tip* mast important 
strength ckeracterist ics of a lifntcrial, from the point 
of view of the\lesign>‘i*of struct ures or machines, is the 
tfrfiguc raiigK. Much work still remains to b<* done 
in explaining the real meaning of fatigue and shock 
tests, and in determining and standardizing the most 
suitable type* of apparatus foj effecting such tests. 
Recent work lias tended to^indicate that tlu? Jatigue 
strength of steql is a function — nearly one-half — of the 
maximum* tensile strength, but Professor F. Jenkins’ 
experiments have thrown much light on r ie phe- # 
nornenon of fatigue and the part played therein by 
the elagty; limit. Work Has been, done in America, 
by Pnuiqpsor Moore and others, which suggests that 
the fatjghe streftgth of steel can be obtained more 
Wipidly than with t^e usual methods, by observing 
the increase Jn tempfcrajifre of the specimen under 
stress reversal. This development may provide a more 
rapid means of carrying out jatigue .tests, which if 
found correct jwduld be of Considerable advantage. 

In addition to«n improvement in the more ftliable 
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methods of mechanical testing, it is probable that 
different rforms pi non-destructive tests of finished 
parts will be developed. These tests will indicate 
thq condition of the parts without destroying them, 
and without assuming that the material is precisely 
the same indicated by tests made on specimens 
from other portions of the material, 

In this connection a good deal has been done # to 
d^relop method^ of magnetic analysis. Satisfactory 
results have been obtained in testing the hojno- 
geneity rails and other articles, but success in 
general, as opqgped to particular, oases ?ias rs&t yet 
been reached. It may be mentioned that the 
coercivity is considers! 1 he best criterion for testing 
mechanical hardness. • Electrical and magnetic tests 
of welds show considerable promise, at leasfc as applied 
to butt welded plates and without dbubt a really 
poor jyeld can be demonstrated. 

Another non-destructive test is the measurement of 
electrical conductivity. This property has been 
shown to vary with # tlie molecular constitution of 
steel, J)fft a good deal of further work seems nec^sary 
before conductivity results can be # interpreted in 
tqfnis of other* properties. 

Examination by X-Rays. Of rectent years X-rays, 
have been applied to tluf examination of s^eel and 
have* proved useful in the detection of J>lewholes 
and internal faults.* The method Is limited by the 
thickne^ of steel Miich can fye penetrated by tl^e 
rays, and by not Jjeing sA^itiWe to the detection of 
cracks, hair lines, etc., but with improvements in 
apparatus and technique further development in 

* Bee also Industrial Applications of X-flkys, by P. H. 8. 
Kempfbn, uniform with this volume. (Pitman, 2& 6d. net.) 
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this direction may- be anticipated. X-ray photo- 
graphs do not, however, give anjj information as 
to the nature of aggregation of constituents. 

A further application of X-ray examination Jies 
in the adaptation of the methods of Hull and Bragg 
to tlifi determination of the crystalline sUructure of 
iron in its allotropic modifications, ft has been 
sh^wn by Dr. “Westgrdn that a-iron has a cube 
centred lattice, and y-iron a fae%. centred cutfic 
lattice, while the so-called ft -iron is the same as 
a-iron. Further ^ork may be expected *lo throw 
light the constit ution and fundamental properties 
of alloy steels. , 

In a recent investigation (1020) by Maurer into the 
authenticity of the so-called iiard # adamantine form 
of iron formerly described as ft* iron, new experimental 
results arc gi*m which show that no such form exists 
^nd tliat its effect with regard to the hardening 
process of s< eel must be excluded. This was confirmed 
many years ago by the facts noted jelative to Hadfield 
manganese Htecl. In saying Jhis, it must still be 
admitted that none of the new theories of the 
hardening of s^eel are completely satisfactory. 

Investigation and Control of Manufacture and # 
Treatment. The* microscope is a valuable research 
instrument to the metallurgist. In this connection 
furtheftiijformation on the constitution and behaviour 
of alloy steels m#y be expected from a more thorough 
investigation ot gr|in size, the examination of 
constituents at highet n^Lfenificati^ns^and investiga- 
tions into the applicability of the ultra-microscope. 

PjfonfttiJc control within nyrow Unfits is essential 
in heat trea^^ alloy stells. There appears to be 
scope for an extended use of high range instruments 
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in measuring and controlling the temperature in 
furnaces,* casting temperatures, etc.* Progress is 
also being made in the use of fool-proof automatic 
temperature control to a predetermined programme. 

Another direction in which improvements in steel 
may be expected lies in a thorough investigation 
of the effect? of dissolved or occluded gases. There 
is^good reason to believe tldlt the effects exerted J>y 
gases are deletofious in most cases. It is important 
to ascertain not only the amount of the oceluded gfcses 
but the torms in which they art* present. The im- 
provement in tj*e magnetic quality of silicon^steels 
obtained by Dr. Yensen by melting in vacuo has 
been mentioned in Chapter V, and it appears probable 
that means toll ljp fyflnd for producing on a larger 
scale steels free fronJ occluded gases, which will 
show highly important properties. Tlfis is probably 
an important subject of research for our youngg* 
metallurgists. 

Colloidal Chemistry in Metallurgy. Itos well known 
that tjie properties and qualities of steel are gi^atly 
influenced by the magnitude of its particles which 
may vary frorft macroscopic size down to* molecular 
magnitudes. The application o# the principles of 
colloid chemistry throws an important light on the* 
constitution of steel and The formation o{ different 
structures, and may lead to a more thorough* under- 
standing and control of its propeilies. The struc- 
tural components induced by different rates of cooling 
carbon steel g^vo the well^otoi series^- Austenite — 
Martensite — Troostite — Sorbite — Pearlite — which 
may be considered % digpersoid system. When a 

* S» also Pyrometers and Pyrometry, bj- Ezer Griffiths, 
uniform with this volume. (Pitrian, 2s. V. net.) 
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steel has been quenched and no precipitation takes 
place, the size of the parthiies in solution is»thc same 
as that at the higher temperature. 1 /ifi or less. 
Austenite represents the most highly dispersed* or 
molecular phase formed on quick cooling. As 
collection of theso probably colloidal particles takes 
place to a critical dispersion, a martensttic structure 
is formed. On heating, the accumulation of these 
small particles takes place into masses of a size 
visible under the microscope. Tearlite represents 
the most grossly dispersed size or a coagulated con- 
dition, of ferrite-eementite solution. The inter- 
mediate members of the series are colloid solid 
solutions. It will be seen that if the growing of the 
disperse phase in steel can be prevented- by a suitable 
protective* colloid, a revolution in steel technique 
will be brought about. In this cofnection it may be 
ipentioned that flaky and woody structure in<nickel 
steel are obviated by small amounts of alloying ele- 
ments which flocculate the troubla-making impurities. 

The addition of silicon, titapium or aluminium in 
smay, quantities to molten steel, with apvieW £o pro- 
ducing sound pietal by preventing the evolution of 
gas at the moment of solidification, is on a par with 
the protective action of certain colloids. 

Another interesting application of the principles 
of . collfli^jt chemistry to ' the projblems of ferrous 
metallurgy, is the theory of I)r. Newton Friend in 
connection with 1 the complex and difficult subject 
Of corrosion. T^his, 4 too, was suggested sqjgie time 
ago by Dr. S. OushmgA. Puttbn^fly, the colloid 
theoiy of corrosion is as follows — On coming into 
contact with air and liquid watqj', iron slightly oxidizes 
to ferrous hydroxide whiclus produced in the colloidal 
conditio^, and this oxidizes in excess of air to a%igher 
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hydroxide, still in colloidal form. This higher 
colloidal Hydroxide now acts catalytioally, accelerating 
the oxidat ion of iron and it self undergoing a reduction 
to e lower colloidal hydroxide, only to be oxidized 
again as gxygen from the air diffuses towards it. 
When the Colloid flocculates, rust is produced. The 
above theory is found to offer a satisfactory 
emanation for many phenomena which cannot *bc 
explained by t He old theories; it also suggests new 
lines of attacking the protection of iron and sieel 
from oxidation. 

Spectroscopic Analysis. A referem-e may be made 
to the fact, that the spect roscope has met, with a few 
applications fn tlie st/cl industry. One of these is 
the spectroscopic determination of constituents of 
steel. At- present the fhethoA is only qualitative, 
but informs a ready mejins of determining whether 
certain elements are present, and it is particularly 
useful in the case t>f rare elements ; it, also forms a 
check as to whether* elusive clement# which have 
been added fo the steeljbath have been completely 
eliminat ed during the course of the furnace operation. 
Iftit, is merely required to determine whether certain 
• elements are present,, this mcthcfl is in some cases 
more rapid than chemical analysis, 

Another applieation is to the investigation of 
conditions in the course of a blow in the oofWerter. 
From a spectroscopic examination pi the *cqnverter 
flame it<s possible to determine to what degree -the 
oxidation and* elftninatione of* various* elements by 
the blast has proceeded. This enable^ t^e gpera- 
tor to judge the co«ec^ stage at whjch to make 
the various additions, or to stoi? tte blow at a 
predefer mined composition Of the Charge. 
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Investigation by Cinematograph. In recent years 
the cinematagraph lias been appliedeto the investiga- 
tion of problems involved in the determination of 
the strength of steel. As an example, the mechanism 
of breakdown on tensile and other test « pieces has 
been studied and films have been prepared showing 
the course of these phenomena, and providing data 
additional to those observed by the naked eye. w A 
further development of this work tfhicli may prove 
of considerable use, is the application of the ultra- 
rapid cinematograph camera, which has been con- 
struct to takfe photographs at 4he rate of ten 
thousand per second, and even this speed is not 
the limit of the new method 1 '. It is probable that 
this means of investigation may throw considerable 
light on ttie mechanism of fracture of steel under 
shock or very rapid bloifrs. The research made 
possible by this high speed apparatus, may bring out 
new facts in connection with these little understood 
problems. 

New Applications. Many new applications of 
known alloy steels are to be expected, for example 
in structural work, rails, locomotives, boilers, etfc., 
and in the mining industry, where great strength* 
c and resistance to erosion are necessary. As regards 
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locomotives in particular the use of alloy steels has 
been suggested for reciprocating pai^s, crartks, axles, 
etc., with a view to reducing weight without sacri-, 
ficing strength. A locomotive crank axle of HadfleW’s ■ 
specially heat -tteat ed steel which has beep fitted on 
a (!r?at Central Hail way locomotive i« shown in 
Fig. 37, particulars being given of th<? mechanical 
properties of the steel u?ed on page 152. 

The use of alloy st els also fipiding increasing 
application in marine engineering, and the use of 
special sle^F is !•> Ik anticipated in pliwcr and 
trar is nation parts, as well as in t^psc required to 
resist rust, and, who * ne< <‘ssa» y, high temperature. 

New Steels. The thirl v yeitir immediately before 
the war were prolific in the dfcjrov^ry <ff alloy steels, 
and it is difficult lo imagine* that there will be as 
great or numerous discoveries in an equal period 
dating from l lie present liinv. 

From time to time tlu- invention of a “ super ” 
steel is announeed, the properties of which are due 
to the addition of “ rare ” elements. Unfortunately, 
thes^ properties are hardly ever e!*tablislg;d or 
confirmed , and*it appeal's probable that — apart from 
a fortuitous discovery — the invention* of p “ supe*” 
steel will only arisa aftor much study and investiga-, 
ition, and an understanding of the real merits of steel 
made fyv «the various processes. , 

Theft? :$aminaiion of the properties of iron alloyed 
with ojjhfcr elements is, however, being continued 
with increasing vigour, and vafuable results — from 
both the immediate* ppfbtical and, the scientific 
pointj of^view — are accruing to the world from the 
labours of the metallurgist. # The practical manu- 
facture and* application of special steels presents 
problems of so many variables that it is hardly likely 
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that they can ever be solved with mathematical 
exactness* and ffom a purely scientific point of view 
•our knowledge of alloy steels is far from complete. 
New steels are certainly not exhau^ed, and trials 
are contiigially being made of alloys of premise. 
It is to be £lgticipated, however, that they will have 
to withstand severe criticism # and tests before earning 
a glace among the recognized steels. 
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Fie* 38. — “ Hecla ” -Hollow Drill Steel tor Mines. 
Made by Had fields, Ltd., Sheffield. 
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CARBON STEEL 

Singular as it may seem, notwithstanding the 
important part jJlaycd by all the newer alloys of iron, 
carbon stjjl maintains its premier jwsitinn in defer- 
mining the practical value of nearly all the various 
ferrous products# In other words there are few 
iron alleys in which, apart from the effect 
produced by the special element added, the presence 
of carbon is unnecessary. Whilst new alloy steels 
are often presented which are said owe their 
advantages to one or more special constituents, it 
is quit% overlooked that the improved qualities are 
frequently intimately connected with the carbon 
present. In fact, it* may bo said that i^ost of these 
alloy st^ls depend fof their properties on the par- 
ticular combinations of the carbon present, with Tron 
and other special elements. 

Ifc>r these reasons, and to afford a basis of com- 
parison with the various special steeds, the following 
notes on> carbon steel are included. 

A most important paper, entitled “ The Ihfhjence 
of Carbon on Iron,” was presented to tfce Institution of 
Civil Engineers in 18^5 by Prof. J. 0. Arnold, F.R.S., # 
who madP a valuable seri^p of A %lloys of iron with 
carbon from as iAn base ^of very pftre Swedish 
“ Lancashire ” iron. The series comprised €ght 
specimens rangirife from^'OStfo 1-47% farbon content. 
The suin of the silicon, sulphur, phoft>horus, and 
manganes^ contents did not amount to mof% # than 
157 
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about.0*2G%. The spec imens therefore represented a 
Bet of poetically pure carbon-iron alloys, that is,- 
there was no other element- present to mask in any 
way the effect of the carbon. 

Tins wojk of Arnold’s constituted a model of 
correlated research, that is the observations wefe not 
confined to* one or two lines of investigation 
on^ materials of un systematic composition. TJie 
information detarmined included chemical analysis, 
mechanical, physical and magnetic properties, imqro- 
structure, thermal change points g the heat- evolved 
on tempering anddhardeni'ng steels, and other informa- 
tion. TJie results obtained from •these different 
methods of investigation were compared carefully 
before condifeionn w«fo drawn. The analyses of 
the steels used are givfcn in Table XV. 

The results of the textile tests on these carbon 
steels <n the normalized condition are shown iik 
Table XVI, and the tensile tests on bars in the 
annealed condition “are given in Table XVII. The 
latter results are plotted in Fig. 39. The tenacity 
reaches a m^d mufti at J)-89% of carbon, i.e.*the 
eutectic composition. It subsequently falls owing 
to4he separation of graphite by slow or prolonged 
pooling. The ductility is also at ft minimum at the 
above composition. 

The results of .the compression tests 9 qp the 
annealed and also the hard steels are sfeoftfn in 
Fig. 40. Here again the eutectic steel is* critical, 
possessing the highest compression strength of the 
steels in the ^mealed condition and snarking the 
point at which molecular flow ceases in tljp Ijar^ned 
steels. These breaks in fjjie mechanic^ properties 
at 0*89% of carbon are reflected in fnfcro-structure, 
also in 9 Hie thermal and magnetic Curves. § In the 
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microscopic examination of the hardened steels, 
attention is drawn to the* practically homogeneous 
nature of the saturated or eutectic steel. 



- Fio. 39. — Tensile Strength and Elongation of 
Annealed CVeibon St^el. 

(J. 0. Arnold, Proe. Intt.C.B ., 1896.) 

« In the physical tests it is shown that the •volution 
of heat at thf carbon "change point increases approx- 
imately Jinjarly with the carbon content up to 
0*89% carbon steel, abov^wtych thereat evolution 
again decreases.* 

In investigating the magnetic properties of 



Fio. # 40. — Compression TJestb/n Hardened and 
AnnIalkd Cab»on Steels, 

(J. 0. Arnold, I'M. Imt.C.E., 18M) 
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hardened earlnn steels, Arnold showed that the 
magnetic permeability of t liewe steels t varied inversely 
as* the percentage of carbon present, also that the 
permanent hiagnetism was directly proportional 
to the carbides? of iron present. The curvA of 
permanent magnetism increased linear^ up to a 
composition of 0*89% of carbon, remaining constant 
when the carbon was increased above this amount. 
Tile sharp break at the above percentage is identical 
with tliat observed in the thermal and several of 
the mechanical cloves, and corresponds f with the 
microscopic saturation point. Attention is further 
drawn to the suitability of this 0-89% carbon steel 
for cutting tools which must be tough enoughTo with- 
stand a certain shock, as for »example c'n cold setts. 
If tools contain a higher percentage of carbon than 
the above, tkey are liable r to crack owing to the 
lines of weakness formed by the surplus cjirbide 
present. 

It may be mentioned that cornet heat treatment 
of carbon steal makes proportionately quite as great 
a difference in the mechanical qu^lities*in fadt much 
more so than ijj usually knoVn. For many purposes 
the use the more expensive alloy steel can J>e 
avoided if adequatf care and skill are devoted to the 
f simpler and less* expensive material. 

T. Simidu, of the Tohoku Imperial University, 
lias sjjpwn that the electric resistance of carbon 
steels increases with carbon percentage from (H4% 
to l*5Cf% , and* that the thermal conductivity of 
carbon steels, varies tin Jfhe san^e manner as the 
electric conductivity. 

Oaritoif stfeels are used for a large ^riety of small 
tools, but, ste^n^ntioned fti Chapter XI, they* have 
been largely superseded in cutting tools by high 
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fipcod. steels. Carbon steel containing 1% has been 
ifeod for pens, byt it is prdbablo that it will be super- 
seded in this application^ by steel of the rustles 
variety. In Austria carbon steel # has been used 
satisfactorily for bridge work, comping with nickel 
steel in this connection. 

An impoi^nt application of carbon steel is in the 
manufacture of mining drills. • In drill steel the carbon 
is tisually about ^-8%, but decreases somewhat with 
smaller section. If the carbon steel is earefylly 
made an<f correctly heat-treated* excellent results 
are obtained, wlych so ftir have n«t been exceeded 
by the addition of special alloying elements to the 
steel. fh e stresses on*a drill are of a rather complex 
nature, but pftibatyly t^ most important is a repeated 
compression combined* with a certain amount- of 
bending and torsion ; under these sevefe conditions, 
carboifc steel has hitherto proved the best, evey 
against the hardest and tougliest rocks. 
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